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Abstract 
The engineering management of river channel entrances has often been regarded 
as a vast and complex subject matter. Understanding the morphodynamic nature of 
a river channel entrance is the key in solving water-related disasters, which is a 
common problem in all seasonally influenced tropical countries. As a result of the 
abrupt increase in population centred along coastal areas, human interventions have 
affected the natural flows of the river in many ways, mainly as a consequence of 
urbanisation altering the changes in the supply of sediments. In tropical countries 
River channel entrances are usually seasonally driven. This has caused a 
pronounced impact on the topography of river channel entrances especially in the 
East Coast of Borneo which is influenced by both North East (NE) and South West 
(SW) monsoons on top of related parameters such as waves and tides, 
sedimentation as well as climate change. Advanced numerical modelling techniques 
are frequently used as a leading approach to investigate the complicated nature of 
river channel entrances to represent the actual conditions of a designated area. 
Furthermore, the conventional ‘command and control’ approach of river channel 
entrance management has largely failed in this region due to the lack of process-
based understanding of river channel entrances.  
This research focuses on creating a mesoscale numerical modelling method by 
integrating a reductionist and reduced complexity model approach, along with local 
seasonal conditions to represent the Petagas River channel entrance in 
demonstrating an actual river channel entrance. In assisting the modelling method, 
data and data- driven analysis is emphasised because the available resources and 
the subsequent adopted management strategies in solving these problems varies 
from country to country. The Petagas River channel entrance model is established 
with a set of numerical equilibrium equations and calibrated parameters to reflect 
the features of regional conditions with the combination of local validated modelling 
parameters. The model accurately represents the effects of both NE and SW 
monsoons in terms of hydraulics and sediment dynamics at the Petagas River 
channel entrance, as verified by site data and satellite imagery.  
The validated model serves as a predictive tool to evaluate various management 
solutions, which eventually helped in proposing the most viable solution. The 
proposed management solution includes a training channel and a breakwater 
resulting in an improved flushing capacity, thus preventing sedimentation and 
upstream flooding, allowing proper navigation through the river. This adopted 
solution is in accordance with local regulations and management plans that the local 
government adopt. In conclusion, the accurate investigational result from this 
numerical model successfully demonstrates its scientific role in solving problems 
related to a dynamic river channel entrance, and can serve as a numerical modelling 
approach for solving similar river channel entrance problems especially in tropical 
countries with predominant inter-annual seasonal variations. 
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1 Introduction 
1.1 Background 
The processes that occur in and around river channel entrances comprise a vast and 
very complex subject that has been studied by countless researchers over a long 
period of time (Anthony et al., 2013; Brack et al., 2000; Pruszak et al., 2005; Samaras 
& Koutitas, 2014a; Tay et al., 2016; N. Wang et al., 2017; Wright et al., 1980). 
Changes in the morphology of river channel entrances have become more dramatic 
over the last century as a result of sea-level change, fluvial processes and 
urbanisation (Pruszak et al., 2005). The configuration and landform/shape of a river 
channel entrance also strongly depends on the wave energy adjacent to the shore 
(Wright & Coleman, 1972). Subsequently, the variation in morphology as a function 
of ocean waves and river discharge has also been considered in the formation of river 
channel entrance discharge systems (Wright & Coleman, 1973). The morphology of 
a river channel entrance is affected by tidal currents and waves, in addition to the 
sources from ocean energy, which include various types of currents, storm surge, 
and climate change causing eustatic rises in sea level (Bonaldo et al., 2015; Galloway, 
1975; Stanley & Warne, 1994; Wong & Codignotto, 2007). Most major river channel 
entrances, especially in Southeast Asia, formed during the Holocene period caused 
by the influx of large quantities of mobile sediments (Woodroffe et al., 2006).  
Today, more than three billion people live in the coastal zone around the world, and 
this figure is increasing each year (Hinrichsen, 1998; SOE, 2011). The coastal zone 
is especially prone to conflicts because it is densely populated, has culturally 
importance and is the locus for growth in multiple sectors including industry, 
agriculture, transport, trade and tourism (Harvey & Caton, 2010). With increasing 
influence of human activities along the coastlines including urbanisation, there has 
been an increase in surface water run-off, causing an increase in river flow and 
sediment influx towards river channel entrances. This is due to the transportation of 
fine sediments from the upper water catchment during low flow conditions, which 
are subsequently flushed seawards under high freshwater flows (Mitchell et al., 2015). 
About 80% of the world coastal populated area is vulnerable to flooding, of which 
38% is located in Asia, mostly in South East Asia (Veerbeek, 2007).  
It has been claimed that the sustainability of a river channel entrance is more 
vulnerable to human intervention than to climate change (Syvitski, 2008). River 
discharge and the nature of the dynamic changes in river channel entrance are known 
to have changed over rather shorter time-spans. This is because of anthropogenic 
and climatic factors (Milliman, Farnsworth, & Albertin, 1998; Syvitski, Vörösmarty, 
Kettner, & Pamela, 2005a; Milliman J. D., Farnsworth, Jones, Xu, & Smith, 2008; 
Meade, 1996). 
Human interventions, particularly in deltas, have caused the redefinitions of existing 
architectural river delta classification as shown in Figure 1.1 (Syvitski & Saito, 2007).  
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According to Galloway, Figure 1.1 illustrates the subdivision classification of deltaic 
discharge regimes (Galloway, 1975). Table 1.1 further compares the morphologic and 
stratigraphic characteristics of the subdivision classification. This classification 
ultimately shows the categorisation of Petagas River as compared to other deltaic 
systems. 
 
 
River 
Dominated
Wave 
Dominated
Tide 
Dominated
Figure 1.1 Triangular classification of deltaic depositional systems (modified 
after Galloway (1975)). 
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Table 1.1 Characteristics of Deltaic Depositional Systems (Galloway 1975) 
 
Sediment deposition in river channel entrances involves several active processes. 
Only confined fluvial flow, wave flux, and tidal currents appear to be capable of 
transporting relevant sediment load from the catchment downstream and ultimately 
to the river channel entrance. Ultimately, sedimentation occurs in distributary 
channels and distributary mouth bars, coastal barriers, beach ridges and tidal 
estuaries. On the seaward side, oceanic currents, wind drift, density currents and 
storm surge have not been shown to have significant sediment dynamic effects within 
river channel entrances. Sand facies form the stratigraphic framework of a delta, and 
the genetic classification of delta based on its relation to tidal domination, wave 
domination and sediment load are important in differentiating the skeleton of a delta 
as shown in Table 1.1. 
The future of a river channel entrance can only be determined if we truly understand 
its complex nature, generally by the combination of climatic and anthropogenic 
intervention (Le et al., 2007). Hence, better understanding of coastal river channel 
entrance morphology is crucial to improve coastal resource planning and 
management. 
 
  
 River 
Dominated 
Wave 
Dominated 
Tide Dominated 
Geometry Elongate to lobate Arcuate Estuarine to 
irregular 
Channel Type Straight to sinuous 
distributaries 
Meandering  
distributaries 
Flaring straight to 
sinuous 
distributaries 
Bulk 
composition 
Muddy to mixed Sandy Variable 
Framework 
facies 
Distributary 
mouth bar and 
channel fill sands, 
delta margin sand 
sheet. 
Coastal barrier 
and beach ridge 
sands 
Estuary fill and 
tidal sand ridges 
Framework 
orientation 
Parallels 
depositional slope 
Parallels 
depositional strike 
Parallels 
depositional slope 
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1.2 Research Questions 
In order to demonstrate the relevant representation of a Numerical Modelling 
Approach for the Management of a Seasonally Influenced River Channel Entrance, 
the focus will be on the following research questions for the Petagas System: 
 
I. Do the monsoon seasons influence the topography of the river channel 
entrance and if so how do they influence patterns of sedimentation? 
II. What is the optimum management solution to the sedimentation problem? 
III. Can this modelling technique be used as a reference for solving similar river 
channel entrances problems? 
 
All the above research questions will be answered in length in Chapter 7. 
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1.3 Aim and Objectives 
This research aims to establish a suitable numerical modelling technique in the 
simulation of river mouth problems typically in Sabah to help local government in 
achieving management solutions. This investigation consists of some aims given 
below to complete the target. 
• Evaluate and Obtain necessary data for the purpose of numerical modelling, 
mapping and data-driven analysis; 
• Analyse seasonally influenced characteristics on Petagas River Channel 
Entrance Behaviour; 
• Carry out mapping and meshing of the site to identify critical area of interests; 
• Establish seasonal influenced wave model to represent the ocean dynamics 
using MIKE 21 Spectral Wave model; 
• Utilise a reductionist multi-model approach to set up the model, including the 
effect of monsoon seasons for modelling the sedimentation of a river mouth; 
• Assess the calibration and validation of the model using measured site data to 
ensure the accuracy of the model; 
• Set-up a predictive model and assess the effectiveness of various management 
solutions; 
• Determine a viable management solution to minimise the dynamic 
sedimentation behaviour of the Petagas River Channel Entrance; 
• Ensure the management plan is in accordance with the regulations of the local 
government. 
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1.4 Thesis Structure 
The thesis is structured as an approach to numerical modelling, where Chapter 2 
covers the literature on the major approach adopted as well as considering various 
management solution in relation to hydrodynamics and sediment dynamics in relation 
to standard industrial practice and local policy as shown in Section 2.8. Chapter 3 
describes the overall topography and met ocean condition necessary to cover the 
Petagas River channel entrance. Chapter 4 describes the necessary modelling data in 
building a mesoscale model. Chapter 5 describes the methodology which elaborates 
on execution of modelling approach on data utilisation, model platform and model 
setup. In Chapter 6, Section 6.2 demonstrates the outcome from the calibration of 
the hydrodynamic model and further describes the effectiveness of the coupled model 
in calibration and verification approach and results of the comparison between actual 
site data and model simulation to illustrate the reliability of the model. Section 6.3 
shows the outcome of the well represented reductionist model in terms of wave 
condition, it then introduces a set of management solutions aimed at minimising 
sedimentation behaviour in relation to inter-annual climate variations in the monsoon 
seasons, together with a demonstration of the effectiveness of the reduced 
complexity model approach. Chapter 7 provides answer to research questions at the 
early stages of the research with reference to Section 1.2. In the final chapter of the 
thesis (Chapter 8), conclusions are drawn, including the importance of numerical 
modelling in solving future river channel entrance problems and its ability to provide 
suggestions for policy-makers in managing a river channel entrance subjected to 
monsoon influences. Further recommendations for future research development and 
research limitations regarding Numerical modelling approaches for the management 
of seasonally influenced river channel entrances is also included in this chapter.  
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2 Literature Review 
This literature review chapter provides insight into each of the core elements of the 
numerical modelling approach for the management of seasonally influenced river 
channel entrances. Section 2.1 explains the overall wave theory adopted by the model. 
Section 2.2 gives the overall hydrodynamic theory as well as an explanation of the 
calibration and verification of the model. Section 2.3 shows the overall modelling 
approaches in which the Reduced Complexity Model is also explained. The core data 
and data-driven approaches together with the Mapping and Meshing method are then 
further explained in Section 2.5 and 2.6 respectively, before attending to the actual 
numerical modelling methodology used.  
Section 2.6 gives an overall explanation of the Reductionist Model approach. Section 
2.7 explains the sediment dynamics method adopted in the model. The management 
solution criteria are then found in Section 2.8, which also considers the local 
management policy at the site. With the consideration of the previous sections, 
Section 2.9 shows the management solution considered. Lastly, Section 2.10 
identifies the knowledge gap. 
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2.1 Wave Generation 
Waves are the undulatory motion of a water surface with fluctuations, accompanied 
by local currents, accelerations and pressure fluctuations. Their simplest form is 
sinusoidal as shown in Figure 2.1: 
 
   
        
Figure 2.1 Basic Wave Nomenclature (Sawaragi, 1995). 
 
According to Figure 2.1, the high water levels are wave crests, the low levels are 
known as wave troughs.  The vertical distance between a crest and trough is the 
wave height (H). The distance over which the wave pattern repeats itself is the 
wavelength (L). Waves propagate with a velocity C, and the time that is required for 
a wave to pass a particular location is the wave period (T). The inverse of the wave 
period is the wave frequency (f).  
It is well known that water waves can be classified into capillary waves, ultra 
gravity waves, gravity waves, infragravity waves, long period waves and trans-tidal 
waves regarding wave period (Sawaragi, 1995). Capillary waves have very short 
wave periods (order 0.1 sec) to long waves with wave periods expressed in minutes 
or hours. Waves also vary in height from a few millimetres for capillary waves to a 
few metres for gravity waves and 10s of metres for long-period waves. A 
classification of wave frequency of various types of waves is shown in  
Figure 2.2. Gravity or wind generated waves are in the middle range of wave 
frequencies as described in  
Figure 2.2 (Kamphuis, 2000). 
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Figure 2.2 Wave Classification by frequency (after Kinsman, 1965) 
 
The initial formation of waves by the wind is described in the Miles-Phillips theory of 
wave generation developed in the 1960s (Phillips, 1962). Wind waves are gravity 
waves formed by the transfer of wind energy to water. Wind forces convert capillary 
waves to wind waves. They have periods between 1 to 30 sec, a wave height that is 
seldom greater than 10 m and mostly of the order of 1 m (Kamphuis, 2000). Waves 
generated locally by wind are known as sea waves, which have peaked crests and 
broad troughs. Wind waves continue to grow until the sea is fully developed or 
becomes limited by fetch restriction, wind duration or saturated with energy. After 
the wind waves leave the generating area of the fetch, they become smoother and 
lose their rough appearance, being then known as swell waves with the features of 
longer wavelength and smaller wave height. The three parameters that dictate the 
growth of wind waves are fetch F, wind velocity V and its duration 𝑡𝑑 as shown in 
Figure 2.3. The close relationship between wind and wave characteristics is reflected 
in a scale devised in 1805 by Rear Admiral Francis Beaufort, an Irish Navy officer, in 
the Beaufort scale (Sundar, 2016). In general, wind speed and direction are vital in 
the study of establishing weather windows, and the design, construction and 
maintenance of structures in the coastal environment.  
 
Figure 2.3 Factors Affecting Wind Wave Development (Brooks/Cole, 2002) 
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As a wave propagates from deep water towards the shoreline, the wavelength 
decreases, but at a slower rate than the rate of decrease of water depth. From the 
viewpoint of the relative water depth, h/L (h; the still water depth and L; the 
wavelength), the water wave can be classified into deep water waves (h/L greater 
than 0.5), intermediate/transitional water waves (h/L less than 0.5) and shallow 
water waves (h/L less than 0.05) as shown in Figure 28 (Robert, 1993).  
 
 
Figure 2.4 Waves Entering Shallow Water (Sverdrup & Armbrust, 2009) 
 
The Celerity of Wave C is derived as; 
 𝐶 =
𝐿
𝑇
 Equation 2.1  
 
where C is celerity, L is wave length and T is wave period (Robert, 1993). 
 
As waves enter shallow water, the wave speed and length decrease, the wave period 
and energy remain unchanged, while the wave height increases. The easiest 
conservative quantity to follow is the constant energy flux per wave, using the 
Unchanged Energy Flux Equation as highlighted by (Robert, 1993) as below; 
 𝐹𝐸 = 𝐸𝐶𝑛 
 
Equation 2.2  
 
   
Where 𝐸  is average energy; 𝐹𝐸 is the energy flux and 𝐶𝑛 is the celerity / wave phase 
velocity in a particular space. 
Equating the energy flux in deep water ( 𝐻𝑜 , 𝐶𝑜) to the energy flux at any shallow 
water location ( 𝐻𝑥, 𝐶𝑥) results in the general shoaling relationship (Robert, 1993); 
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𝐻𝑥
𝐻𝑜
 = |
1
2𝑛 
𝐶𝑜
𝐶𝑥
⌉
1/2
  
 
Equation 2.3  
 
 
Therefore, by knowing the deep water height and period (𝐻𝑜 , 𝑇𝑜) and the bathymetry 
of a coastal region, the shoaling wave characteristics (𝐻𝑥, 𝐶𝑥, 𝐿𝑥) can be calculated at 
any point, x, prior to breaking. 
Wave refraction is the bending of the wave crest impinging at an angle to the 
coastline and the associated bathymetric iso-lines as described in Figure 2.5. This 
transformation is triggered by the friction induced to the water particles close to the 
sea bed as well as varying water depths underneath. Water crests in shallower water 
move more slowly than those in deeper water. As the wave crest in deeper water 
catches up, the curving of initially straight wave crests results in a tendency of the 
trajectory of the wave rays to veer away from being normal to the wave crest, 
ultimately becoming perpendicular to the bathymetric contours (Dean & Dalrymple, 
2004). 
 
 
Figure 2.5 Wave refraction diagram (Brooks/Cole, 2002) 
 
Application of Snell’s law as shown in Equation 2.4 to a plane parallel to the 
bathymetry confirms that the wave crest tends to turn to align with the bathymetric 
contours (Benassai, 2006). 
 
  
sin 𝜃1/𝑐1 = sin 𝜃2/𝐶2 
  
 
 
Equation 2.4  
 
Where 𝜃1 is the wave direction in deep water and 𝜃2 is the wave direction in shallow 
water, and ∁1 represents the celerity in deep water; ∁2 is the celerity in shallow water. 
However, most offshore bathymetry is both irregular and variable along the coastline, 
which can only be solved approximately by various numerical model techniques; one 
of the earliest is by Noda (Noda, 1974) using RCPWAVE (Ebersole, 1985), which is 
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based on a finite difference steady-state phase resolving model using linear wave 
theory and development has been ongoing since then. Application of ray tracing 
method that uses Snell’s law with idealised bathymetry has been introduced by the 
US Army Corps of Engineers by setting up a suite of computational programs, the 
Automated Coastal Engineering System-ACES (Meadows, 2003). 
Considering two or more wave rays propagating towards parallel bathymetry as 
shown in Figure 2.6, the rays can either converge or diverge. The energy per unit 
area may increase (convergence) or decrease (divergence) as a function of the 
perpendicular distance of separation between wave rays 𝑏𝑜 and𝑏𝑥 . By using the 
shoaling geometric Equation 2.5 highlighted by (Madsen & Sørensen, 1992), 
modifications can be made to account for convergence and divergence of wave rays  
 
  
𝐻𝑥
𝐻𝑜
 = |
1
2𝑛 
𝐶𝑜
𝐶𝑥
⌉
1/2
  
 
Equation 2.5  
 
The wave height 𝐻1 variation highlighted by (Svendsen & Hansen, 1977) depends on 
the sea bed morphology and at a given point and can be written as: 
 
  𝐻1 = 𝐻0𝐾𝑠𝐾𝑟   
 
Equation 2.6 
 
 
where  𝐻0  is the deep water wave height, 𝐾𝑠 is shoaling coefficient and 𝐾𝑟 is the 
refraction coefficient. 
 
Figure 2.6 Wave refraction diagram (CEM, 2006)   
 
Wave diffraction occurs when waves encounter surface-piercing obstacles such as a 
breakwaters or similar barriers, which interrupt a portion of the regular wave train. 
The principle of diffraction pertaining to the design of breakwaters has considerable 
practical importance as discussed by Dunham (Johnson, 1951). After passing the 
obstacles,the waves carry energy and the wave crest into the shadow zone behind 
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the barrier. The turning of the waves into the sheltered region is due to the changes 
in wave height as shown in Figure 2.7. 
There are three primary types of important wave-structure diffraction: (1) diffraction 
at the end of a single breakwater (semi-infinite); (2) diffraction through harbour 
entrance (gap diffraction); and (3) diffraction around an offshore breakwater. For 
each type, there is a geometric shadow zone on the sheltered side of the structure, 
a reflected wave zone on the front or incident wave side of the structure, and an 
“illuminated” zone in the area of direct wave propagation as described in  Figure 2.7 
The US Army Corps of Engineers RCPWAVE is a PC compatible program capable of 
doing diffraction calculations (Meadows, 2003). 
 
Figure 2.7 Wave diffraction patterns around breakwaters (Johnson, 1951) 
 
It has been suggested by (Byron, 2016) that there are two circumstances in which 
wave breaking occurs: (1) the wave becomes steeper causing the crest to collapse 
as it unable to support the local wave height, this generally happens when the wave 
height reaches 1/7 of the wavelength; or (2) the speed of the water that circles the 
crest of the wave exceeds the speed of the wave, which in turn triggers the water in 
the crest to overtake the waveform causing it to fall over and break. A rule of thumb 
is that a wave will break when its height exceeds ¾ of the local water depth. The 
height of the wave when it breaks will be about 1.5 times larger than its height in 
deep water. 
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In solitary wave theory, a theory applicable to shallow water troughless waves, at the 
break point it holds Relative Breaking Depth 𝐻𝑏 (Weishar & Byrne, 1972). 
  𝐻𝑏 = 0.78ℎ𝑏    
 
Equation 2.7  
 
where ℎ𝑏 denotes breaking condition 
Wave breakers can be placed into four categories as in Figure 2.8: Spilling, Plunging, 
Collapsing and Surging, which are based on the surf-similarity parameter 𝜉0 (Weishar 
& Byrne, 1972) : 
  𝜉0 = tanβ(𝐻𝑜|𝐿𝑜)
−1/2  
 
Equation 2.8  
 
Where β is the slope of a plane beach.  
Spilling                                   𝜉0 < 0.5 
Plunging                                0.5 < 𝜉0< 3.3 
Surging/Collapsing                   𝜉0 > 3.                
                
 
 
Figure 2.8  Types of Wave Breaking (Sarpkaya & Isaacson, 1981) 
 
Plunging waves lose their waveform after breaking, in contrast with spilling breakers 
that maintain their waveform. This results in larger energy release by the plunging 
breakers with higher turbulence level and bed load agitation.  
In the aspect of bottom friction, energy dissipation occurs, which leads to wave height 
reduction as the water depth becomes shallower (Benassai, 2006). The dissipation is 
the work done by the wave orbital velocity against the bottom turbulent shear stress 
𝜏
→, which is expressed (Weishar & Byrne, 1972) as  
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  𝜏
→  = 𝜌   𝐶𝑓  |
𝑢
→|  
𝑢
→ 
 
 
 
Equation 2.9  
where 
𝜏
→ is the turbulent shear stress, 𝜌  is the water density, 𝐶𝑓  is the friction 
coefficient and 
𝑢
→ is the velocity immediately outside the bottom boundary layer.  
 
This is based on bottom dissipation in finite-depth water waves (Weishar & Byrne, 
1972). There are three dissipation mechanisms, namely friction, percolation, and 
bottom motion in dissipating wave energy in shallow water depending on wave 
properties and bottom sediment properties (Hsiao & Shemdin, 1978). 
 
Historically, wind-generated waves have been described by several different 
theoretical developments. A water wave theory is developed under the assumptions 
that the fluid is incompressible and inviscid, the wave motion is irrational, and the 
wave is periodic and uniform in time and space with respect to the wave period (T) 
and the wave height (H) (Sawaragi, 1995). 
The most common approach is Stokes’ Wave Theory, introduced by Sir George Stokes 
in 1847 (Stokes, 1847), as a solution for nonlinear wave problems in intermediate 
and deep water by means of a low-order Stokes expansion perturbation series (e.g. 
up to 2nd, 3rd or 5th order). In fluid dynamics, a Stokes wave is a nonlinear and periodic 
surface wave on an inviscid fluid layer of constant mean depth. Higher orders of 
approximation of Stokes theory are constantly developed with the use of recent 
computer models to describe the finite higher amplitude waves more precisely. In 
contrast, Small Amplitude Wave Theory, first discussed by (Airy, 1845), is best used 
for small waves in deep water. Cnoidal wave theory by (Korteweg & deVries, 1895) 
is commonly applied in shallower water as it accounts for distortion of wave shape 
from the interaction of the fluid motion with the bottom. As the waves reach very 
shallow water and are about to break, Solitary wave theory by both (Boussinesq, 
1872) and (Munk, 1949) can be used (Kamphuis, 2000). 
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Figure 2.9 Application of Various Wave Theories (Le Méhauté, 1976) 
 
In Fig 2.9, ℎ is mean water depth; H is wave height; 𝜏 is wave period and g is gravity 
acceleration. 
The light blue area indicates the range of validity of Cnoidal wave theory; light yellow 
for Airy wave theory; and the dashed blue lines demarcate between the required 
order in Stokes' wave theory. The light-grey shading gives the range extension by 
numerical approximations using fifth-order stream-function theory, for high waves 
(H > ¼ Hbreaking). 
Waves play an important role in coastal morphology as they greatly influence the 
behaviour of sediment transport in a coastal zone (Gambino & Sussman, 1998). To 
accurately predict the behaviour of the wave at a river channel entrance, the near 
shore wave condition is derived using offshore hindcast wave data. Long-term wave 
data are important in determining the nearshore wave conditions for design and 
assessment of sediment transport capacities. 
The MIKE software developed by DHI is used for modelling based on numerical 
simulation.  MIKE 21 in which the “21” represents a two-dimensional one-layer model, 
offering different modules for hydrodynamics, sediment transport, waves and water 
quality studies in rivers, estuaries, coastal and oceanic zones. MIKE 21 is constantly 
undergoing development and improvement to enhance user experience such as 
speeding up processing time (Aackermann et al., 2013) and improving the user 
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interface. Hence it is used to investigate the dynamics of the river channel entrance 
of the Petagas River.  
First, the wave is generated in the model using MIKE 21 SW. In this process, reliable 
information on the wave climate at the site is probably the single most important 
factor in the accurate determination of the sediment transport at the location 
(Soomere et al., 2008). Time series of hindcast offshore wind and wave data from 
the GROW global wind wave model has been transformed to the site using MIKE 21 
SW, resulting in the further improvement in the definition of the near shore directional 
wave statistics and longshore variations in wave energy. GROW (Global Reanalysis of 
Ocean Waves) is a global deep water wave model with a resolution of 0.625° in 
latitude by 1.25° in longitude. The model is driven by assimilated marine surface wind 
fields and validated against offshore wave measurements. The model is developed 
and run by Oceanweather Inc (GROW, 2009a). 
The Cartesian coordinates conservation equation (DHI a, 2014)  for wave action is; 
 
𝜕𝑁
𝜕𝑡
+ ∇ ∙ (?⃗?𝑁) =
𝑠
𝜎
 Equation 2.10  
 
where N(x⃗, σ, θ, t) is action density, x⃗( x, y ) are Cartesian co-ordinates, v⃗⃗(cx, cy, cσ, cθ) 
is the propagation velocity of waves group in four-dimensional phase space x⃗, σ, θ, 
and S is the source term for the energy balance equation. ∇= 4D differential operator 
in the x⃗, σ, θ − space. 
The energy Source term equation is used to represent the superposition of source 
functions describing various physical phenomena 𝑆  (DHI a, 2014) as; 
 
𝑆 =  𝑆𝑥 + 𝑆𝑦 + 𝑆σ + 𝑆θ 
 
Equation 2.11  
Where 𝑆𝑥 𝑎𝑛𝑑 𝑆𝑦 represent the generation of the wave velocity in x and y directions, 
𝑆σ is the wave height energy transfer,  𝑆θ is the dissipation of wave energy due to 
depth. 
The four characteristic propagation speeds in 𝑐𝑥 𝑎𝑛𝑑 𝑐𝑦 direction (DHI a, 2014) are 
influenced by the following; 
 ?⃗?(𝑐𝑥, 𝑐𝑦) =  
𝑑?⃗?
𝑑𝑡
= 𝑐𝑔 + ?⃗⃗?  
Equation 2.12  
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Where, 
 𝑐𝜎 𝑖𝑠 Propagation Speed in the 𝜎 direction as shown in (Equation 2. 13) 
𝑐𝜃  is Propagation Speed in the 𝜃 direction as shown in (Equation 2. 14) 
further elaborated as follows; 
 𝑐𝜎 =  
𝑑𝜎
𝑑𝑡
=
𝜕𝜎
𝜕𝑑
= [
𝜕𝑑
𝜕𝑡
+ ?⃗⃗? ∙ ∇?̅?𝑑] − 𝑐𝑔?⃗⃗? ∙
𝜕?⃗⃗?
𝜕𝑠
 Equation 2.15  
 
 𝑐𝜃 =
𝑑𝜃
𝑑𝑡
= −
1
𝑘
[
𝜕𝜎
𝜕𝑑
𝜕𝑑
𝜕𝑚
+ ?⃗⃗? ∙
𝜕?⃗⃗?
𝜕𝑚
] Equation 2.16  
 
Here, s is the space coordinate in wave direction 𝜃 , and 𝑚  is a co-ordinate 
perpendicular to s, ∇?̅? is 2D differential operator in the ?⃗?-space (DHI a, 2014). 
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2.2 Hydrodynamics 
Hydrodynamic model MIKE 21 HD simulates water level variations and flows in 
response to a variety of forcing functions in lakes, estuaries and coastal regions (DHI 
b, 2007). The model is based on Alternating Direction Implicit (ADI) techniques to 
combine the equation for mass and momentum in the space-time domain. Rapid 
developments in hardware mean that the model solves the equation mainly using the 
cell centred finite volume method (DHI b, 2007). The equations are highlighted in   
(DHI b, 2007)  for conservation of mass and momentum integrated over the vertical 
plane (Equation 2.17), description of flow (Equation 2.18) and water level variations 
(Equation 2.19) and are written as: 
 
𝜕ξ
𝜕𝑡
+
𝜕p
𝜕𝑥
+
𝜕q
𝜕𝑦
=
𝜕d
𝜕𝑡
 Equation 2.17  
   
 
 
 
𝜕p
𝜕𝑡
+
𝜕
𝜕𝑥
(
𝑝2
ℎ
) +
𝜕
𝜕𝑦
(
𝑝𝑞
ℎ
) + 𝑔ℎ
𝜕ξ
𝜕𝑥
+
𝑔𝑝√𝑝2+𝑞2
𝐶2∙ℎ2
−
1
𝜌𝑤
[
𝜕
𝜕𝑥
(ℎ𝜏𝑥𝑥) +
𝜕
𝜕𝑦
(ℎ𝜏𝑥𝑦)] − 𝛺𝑞 − 𝑓𝑉𝑉𝑥 +
ℎ
𝜌𝑤
𝜕
𝜕𝑥
(𝑝𝑎) = 0         
 
Equation 2.18  
 
𝜕p
𝜕𝑡
+
𝜕
𝜕𝑥
(
𝑝2
ℎ
) +
𝜕
𝜕𝑦
(
𝑝𝑞
ℎ
) + 𝑔ℎ
𝜕ξ
𝜕𝑥
+
𝑔𝑝√𝑝2+𝑞2
𝐶2∙ℎ2
−
1
𝜌𝑤
[
𝜕
𝜕𝑥
(ℎ𝜏𝑥𝑥) +
𝜕
𝜕𝑦
(ℎ𝜏𝑥𝑦)] − 𝛺𝑞 − 𝑓𝑉𝑉𝑥 +
ℎ
𝜌𝑤
𝜕
𝜕𝑥
(𝑝𝑎) = 0         
Equation 2.19  
 
where ξ (x, y, t) represent the surface elevation (m), h (x, y, t) is the water 
depth, 𝑑(𝑥, 𝑦, 𝑡) is the time-varying water depth (m), p, q(x, y, t) are the flux densities 
in the x- and y-directions (𝑚3 𝑠⁄ /𝑚) = (uh,vh); (u,v)=depth averaged velocities in x- 
and y-directions, C(x, y)  represents Chezy resistance (to describe bed resistance 
(𝑚
1
2⁄ /𝑠)) (DHI b, 2007).  
Modelling is performed for pure tide and the dominant NE and SW monsoon wave 
conditions. Field measurements are obtained for calibration and verification of the 
hydrodynamic models such as tidal variations and current speed. The Key Parameters 
in this module are Bed Friction and Eddy Viscosity as further expounded in Section 
5.4.1.1. 
To assess the verification outcome of the model, the root-mean-square-error (RMSE) 
measure according to (Barnston, 1992) as shown in Equation 2.20 is adopted. This 
is used to establish a quantitative evaluation of the forecast competency of the 
outcome of the model. Then, comparison is made to the local guidelines in terms of 
tolerable limit  (DHI b, 2007). 
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RMSE is defined in the context of, as before, standardised variables such as the 
square root of the mean of the squared differences between corresponding elements 
of the forecasts and observations: 
 
 𝑅𝑀𝑆𝐸𝑓𝑜=[∑ (𝑍𝑓𝑖 − 𝑍𝑜𝑖)
2
/𝑁𝑁𝑖=1 ]
1 2⁄
 Equation 2.21  
 
Where Σ is summation; N is sample size; 𝑍𝑓𝑖 − 𝑍𝑜𝑖 is the difference between simulated 
and measured outcome. The tolerable limit of the outcome is discussed is Section 
6.2.2. 
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2.3 Modelling Approaches 
River channel entrances are amongst the most dynamically evolving and critical type 
of natural environment. They are also immensely complex. Therefore, a model that 
is created must be able to achieve the ability to make quantitative predictions of 
morphological change at a scale that is sufficient to cater for long-term strategic 
coastal management (French & Burningham, 2009). This scale is known as mesoscale 
that as a whole can be quantified between time horizons versus spatial dimensions 
in the order of 101 to 102 years and 101 to 102 km respectively. With this scale, 
modelling forecast should be robust enough for policy makers to make a decision 
(French et al., 2016), which serves the objective of this research. The dynamic nature 
of mesoscale coastal evolution can accurately be represented by deploying two types 
of models, that is reductionist and reduced complexity model – RCM (Liang et al., 
2015). Reductionist model is better in including a board spectrum of scale which 
includes all processes that can potentially affect the system’s evolution (Woodroffe & 
Murray-Wallace, 2012), being well suited to the assessment of any potential coastal 
management solution (Walkden et al., 2015). A reduced complexity model is more 
suited in geomorphology terms in that it focuses more on the particular area of 
interest that is crucial to describe a situation (Walkden & Hall, 2005a). Reduced 
complexity models have also been proven to be effective in simulating well-
represented models over large spatial and temporal scales as shown by Walkden & 
Hall (2005b). 
Predicting large-scale morphodynamics is made possible by applying reduced 
complexity model approach, which in this case is needed to integrate the temporal 
pattern mainly the monsoon seasons into the model. Reduced complexity model 
demonstrates a suitable approach in which this type of model only focuses on 
processes that are of interest. This is achieved through parameterising rather than 
explicitly simulating the pertinent effects of a model. This involves a large-scale 
coverage seawards in modelling the ocean dynamics, mainly wave generation and 
tidal level. Although the reductionist model can be applied in this case, it is proven to 
be computationally intensive. Although computational power is constantly improving 
mainly with the advancement of multi-threading and faster cache speed, using these 
models to perform regional and decadal-scale simulations of morphological change is 
still challenging from a practical standpoint (van Maanen et al., 2016).  
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Apart from the core types of numerical modelling methods it is important to further 
explore the modelling potential of a model in generating quantitative prediction of a 
river channel entrance evolution and the outcome of a proposed management 
solution. The reduced complexity model can be further enhanced by integrating the 
model in a framework as shown in Figure 2.10 that is structured by overarching 
conceptual models, by including reductionist model approach into the local model and 
data-driven analysis. Using such an approach, the best of the largely separate 
modelling communities can be brought together to fully utilise the best that each of 
these diverse approaches has to offer.  
Figure 2.10  Modelling approach framework for the simulation of a river channel entrance. 
 
The techniques integrate the regional Reduced Complexity Model with Conceptual 
Model and Reductionist Model, all of which are either supported by data or data-
driven techniques. Reduced Complexity models are the “backbone” of this model as 
they are the primary framework for simulating dynamic behaviour of river channel 
entrances. Hence it should be noted that these models are closely linked to the other 
approaches, and that vital output and input between integration processes is highly 
significant as shown in Figure 2.10. Further explanation of the main capabilities of 
each of the techniques is discussed in the following chapters to demonstrate how 
each of the fields can better inform the reduced complexity models. 
Previous studies have been carried out that successfully integrate these two simplified 
numerical modelling approaches into one overarching framework (Nichollas, et al., 
2012). Accordingly, this study adopts the approach of the reduced complexity model 
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in correctly representing the wave and hydrodynamic modelling in combination with 
the reductionist model in representing sediment dynamics and management solution 
prediction. Therefore, the open coast, the river channel entrance, the inner shelf and 
their interaction are included in the system as a whole, with all sediment dynamics 
and the response of the system when potential management measures are in place. 
The overall methodology of this research is divided into a number of steps, some of 
which will run in parallel. This research involves the heavy use of numerical models 
for the various stages which is further explained in Chapter 5. 
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2.4 Data and Data-driven Approaches 
The ever increasing pressure on the coastal zone due to the overwhelming population 
inhabiting the coastal area necessitates the implementation of more advanced and 
stringent coastal management and monitoring systems (Bradbury et al., 2002; Coco 
et al., 2013; van Koningsveld & Mulder, 2004; van Maanen et al., 2016). There is a 
large amount of readily available datasets available such as Global Reanalysis of 
Ocean Waves by Oceanology International (GROW) and National Survey and 
Cadastre - Denmark (KMS) with the ability to provide a major source of scientific 
insights. These datasets are sufficient to be utilised for a range of different purposes 
with its direct application of data-driven method depending on requirements. As an 
example, advanced statistical approaches such as extreme value analysis (EVA) can 
be used to determine design wave conditions for the design consideration of 
mitigation structures (Castillo & Sarabia, 1994). These outputs can then be used to 
make prediction of future wave conditions based on appropriate extrapolations. One 
of the most useful method of utilising the data is by revealing links between datasets 
of two or more different variables such as canonical correlation analysis (Horrillo-
Caraballo & Reeve, 2008), which is an excellent demonstration of the effectiveness 
of such methods in making future predictions of an unknown variable such as beach 
morphology based on another variable –wave height, which also allows predictions 
to be made of future scenarios. 
Other than using data to make future predictions based on statistical methods of 
behaviours and extrapolation of trends, the outcome of the data analysis can also be 
used as in input and to build the reduced complexity model. A few demonstrations 
have been shown in Jarrett (1976) for example, who demonstrates the relationship 
between tidal prism and the cross-sectional area of an open channel using equilibrium 
models for tidal inlet systems. Walton & Adams, (1976) shows a similar empirical 
relationship that exists between tidal prism and ebb-tidal delta volume. The 
Equilibrium models can also be used to demonstrate the relationship between a basin 
area, tidal range and flat volume (Bruun, 1954; Dean, 1977; Eysink & Biegel, 1992) 
demonstrating a straightforward example of equilibrium beach profile derived from 
empirical studies. ASMITA is a good example of a numerical modelling program that 
utilises these empirical relationships having the capability to simulate tidal flats and 
estuaries (Rossington et al., 2011). 
With the advances in data-driven methods, which includes making direct predictions 
or being used as a form of input to reduced complexity models, the applicability of 
these methods is limited by the integrity of the collection and derivation of the data. 
Data-driven approaches also provide rather limited physical insights despite being 
able to formalise data interpretation from large data sets. Data-driven approaches 
are often seen as a method with limited capacity to enhance understanding of the 
dataset from which they have been derived (Cunge, 2003). Interpretation of the 
outcome of data-driven approach requires in-depth understanding of the mechanism 
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of the particular data-driven method. However, a variety of solutions are available to 
overcome these disadvantages and can be used to scrutinise the dataset and the 
procedure involved as shown in Gevrey et al. (2003). 
This research has utilised data and datasets available from various sources as 
explained in Chapter 4. Figure 2.10 shows the role of data and data-driven 
approaches as a vital essence in the sense of observational data and exchange of 
information. The data-driven approach has also played a major role in the further 
derivation of the seasonal pattern in the region, which in this case in analysed using 
statistical wind pattern and wave climate in the wind rose and wave rose expression. 
Windroses are a class of diagrams designed to display the distribution of wind 
direction experienced at a given location over a period (Heidorn, 2005). This is 
especially useful to analyse climatic seasonal behaviour of climatic season (Bordbar 
et al., 2014).  A wave rose shows the long-term distribution of wave height and 
direction. Both of these are categorised as directional roses, where each concentric 
circle represents a different frequency, emanating from zero at the centre to 
increasing frequencies at the outer circles. Each spoke is broken down into colour-
coded bands with intensity ranges from wind speed and wave height, respectively. 
Directions follow the nautical convention ranges between 00 – 3600  (Waveclimate, 
2011). Although monsoon seasonal temporal pattern research is performed in this 
region (Loo et al., 2015; Nurukamal & Razali, 2016) mainly focusing on the Peninsular 
Malaysia, monsoon seasonal temporal pattern analysis is never performed in the 
vicinity of the site using the directional rose method. Hence, to show a succinct view 
of monsoon seasons in terms of how Wind and Wave Climate behaviour at the 
research location directional roses method is used in this research as shown in Section 
5.1.2 and Section 5.1.3. This brings a further understanding of the importance of 
including seasonal influence in the numerical model. 
Apart from seasonal behaviours, data-driven analysis is also used to predict extreme 
events such as extreme wave conditions using Extreme Value Analysis (EVA). This is 
for the purpose of determining the height of the river management structures based 
on wave conditions. Overall, the integrity and the role of data and data-driven-
approach represent the input of quantitative information into the overall modelling 
approach. The outcome of this can be seen in Section 6.3.3. 
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2.5 Mapping and meshing method of coupled model 
2.5.1 Mapping 
Despite the current technical advancement in modelling (van Maanen et al., 2016), 
conceptual frameworks for the analysis of river channel entrance systems have 
arguably taken a back seat and failed in demonstrating the further understanding 
and the challenges in terms of river channel entrance management (Nicholls et al., 
2012). The need for an integrative system-based outlook becomes more necessary 
to cater for strategic application. Also, the evaluation of management and 
engineering options has progressed to address the broader time and space scales for 
the dynamic behaviour of a river channel entrance, and possibly the overall river 
channel entrance configuration, which is affected by climate change and sea-level 
rise (French & Burningham, 2013).  
Mapping can also be utilised to identify shoreline management paradigm which has 
been carried out in many countries (Mulder et al., 2011; Nicholls et al., 2013). 
Geohazards, mainly referring to erosion in this case, typically occur as the adjacent 
waterbody is often not considered in a river channel entrance in which flood risks, 
tidal and surges-related phenomena are of greater concern. The geohazards in the 
open coast and the enclosed estuarine are different.  
While geohazards occur commonly in open coastal areas, a different approach to 
their management has shown a lack of appreciation of the nature and significance of 
the sedimentary and morphodynamic interactions between river channel entrance 
and the open ocean. This is well illustrated in the UK as well as Malaysia, where the 
second edition of the shoreline management plan (SMP) has either failed to include 
river channel entrances altogether or to consider the dynamic nature of river channel 
entrance in a rather selective and inconsistent manner (Hunt et al., 2011). 
The constant changes in the management of the dynamic nature of river channel 
entrance are more challenging than the short-term variability that often being 
considered in the study of a particular river channel entrance based on observational 
record (Cowell et al., 2003). It is stated that low-order coastal changes needed to be 
evaluated in a broader spatial scope, which includes sediment dynamics interaction 
within the vicinity of the river channel entrance, including both the open ocean and 
the river basin of the river it serves.  
To properly simulate a well-represented dynamic river channel entrance behaviour, 
the model requires a system-level approach to demonstrate a collaborative 
interaction between the open coast, the river basin and the river channel entrance. 
The process of conceptually analysing the coast highlighting this interconnectivity is 
better exemplified by utilising a spatial analysis software in the form of a geographic 
information system (GIS).  GIS is a computerised system that facilitates three crucial 
phases: data entry, analysis and presentation. GIS main functionality is to enable 
multiple spatial analysis via a variety of datasets. To perform this function, GIS can 
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integrate numerous data files, geomorphic e.g., site topography for both land and 
sea and human intervention e.g., revetment, breakwater, dredging, etc., to improve 
further analysis of a variety of management measures for river channel entrances.  
These survey data are then integrated into the GIS software to form the overall map 
to model integration with a suitable overlay, especially in the vicinity of the river 
channel entrance, which is the most crucial part of the research. The overall basic 
principle of a model must take into account the specific contexts of a place where 
modern processes interact with antecedent geology, historical morphology, and 
engineering interventions, and local landform dynamics which are forced by tidal, 
wave and sediment supply boundary conditions at a broader scale.  
In order to achieve these principles, the following steps must be adopted: 
a) The familiarisation of existing knowledge on the specific place of interest  
b) Formulation of relevant scientific questions and management issues 
c) The implementation and deployment of predictive models 
Hence mapping, in this case, is for the purpose of not only numerical modelling 
analysis and input, but is also applicable in giving proper consideration to the 
Shoreline Management Plan as shown in Section 2.8  and the historical coastal 
behaviour that is related to a river channel entrance as shown in Section 5.1.4. The 
overall mapping methodology is elaborated in Section 5.2. The meshing of the overall 
model based on this GIS mapping data is further explained in the next section. 
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2.5.2 Meshing 
The river channel entrance is a dynamic zone between the ocean and the riverine 
system. In order to accurately represent a river channel entrance, it requires a multi-
scale approach. The dynamics of a river channel entrance domain can only be 
represented over various seasons and space scales. To represent the Petagas River 
channel entrance, the model domain is separated into two; regional and local. This 
method has been successfully applied in several models (de Brye et al., 2010), 
consisting of the utilisation of models with variable mesh in which each of the models 
acts as a boundary condition for a finer one. The flexibility of a variable mesh provides 
the possibility to accurately represent the topography (Legrand et al., 2007) and is 
able to simulate a wider range of areas and times (Deleersnijder & Lermusiaux, 2008). 
This type of state-of-the-art modelling approach has been utilised as of late (Guerin 
et al., 2016; WANG et al., 2016) mainly in first world countries but has not been 
applied to Borneo region. Hence, a variable mesh model using separate model domain 
is being utilised for this purpose. With this method, a larger domain will be considered, 
and the transition will be consistent. Most importantly, all this can be achieved within 
a reasonable computational cost.  
The finite volume method used in the model is based on integral conservation law 
rather than on partial differential equations. The integral conservation law is used 
for small control volumes that are identified by the mesh. The characteristic of the 
numerical formulation is demonstrated using Space Discretization. Space 
discretization is carried out in spectral and geographical space using the cell-centred 
finite volume method (CC-FVM). The integral conservation law is the rate of change 
of the sum of quantity with density 𝑢 in a fixed control volume 𝑣 that is equal to the 
sum of flux on the quantity through the boundary 𝜕𝑣 as shown in Equation 2.22 as 
highlighted by (DHI, 2009) below: 
 
 
𝜕𝑡 ∫ 𝑢. 𝑑𝑣 +  ∫ 𝑓(𝑢)
𝜕𝑣
. 𝑑𝐴 = 0
𝑣
 
𝑓 = 𝑣𝑢 − 𝑑∇𝑢 = 𝑓𝑙𝑢𝑥 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 
∫
𝜕𝑢
𝜕𝑡
. 𝑑𝑣 + ∫ ∇𝑓
𝑣
. 𝑑𝑣 = 0
𝑣
 
 
Equation 2.23  
 
Where = 𝐹𝑙𝑢𝑥 ; d = distance; 𝑢 = density; A=area; 𝑣 = control volume 
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The cell-centred finite volume method is formed using the averaged variable value 
formed from the mesh cells within the cell centre Vi as shown in Figure 2.11. 
 
Figure 2.11  Definitions of control volumes for cell centred finite volume method in quadrangular 
and triangular mesh  
 
The types of mesh and the density of the mesh determine the meshing criteria. In 
this case, there are two key types of mesh as shown in Figure 2.11 - triangular and 
quadrangular/rectangular. The quadrangular mesh is used when there is uniform 
directional flow (channel/river), and the triangular mesh is used when the flow is two-
directional (ocean flow). The mesh density is determined by the bathymetry of the 
area and the importance of the evaluated areas (DHI, 2009). 
 
The models use a flexible mesh technique, which implies a combination of different 
shape and density of mesh under one model to represent the bathymetry. This allows 
progressive horizontal refinements of e.g. the water depths from offshore to 
nearshore areas. The area in this case is relatively complex due to the extensive 
presence of offshore shoals and fringing coral reefs that needed to be resolved 
accurately or at least to the accuracy of available bathymetrical charts for this area. 
The unstructured meshes for the models, which are projected to UTM-50 and aligned 
with true north, are based on bathymetric data extracted from the British Admiralty 
Sea Charts with reference to Mean Sea Level, MSL (+1.23mCD) as well as available 
survey data. 
 
The mesh density is gradually increased as it reaches the river channel entrance to 
avoid sharp changes as this may result in excessive element distortion (Silva et al., 
2011). 
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2.6 Reductionist Models 
Reductionist Models are typically used to simulate hydraulic and sediment dynamics 
in high-resolution mesh density with small time steps, even down to seconds. They 
are capable of resolving flow circulation patterns and sediment dynamic behaviour 
over spatial scales that cover a large part of continental shelf (Souza et al., 2007a) 
down to the local scale of morphological features typically found in coastal 
environments such as mud flats and channel-shoal patterns (Brown et al., 2015). 
With the advance of numerical modelling tools, many commercial model codes are 
currently available such as MIKE (Kozyrakis et al., 2015), Delft3D (Rahbani, 2015), 
FVCOM (Wu & Tang, 2010), POLCOMS (Souza et al., 2007b), TELEMAC (Moulinec et 
al., 2011), and ROMS (Warner et al., 2008). Most of these numerical software model 
packages are capable of operating in 2D and 3D mode depending on the required 
outcome. Models that are produced under the same suit usually have the ability to 
be coupled or interact with each another, for instance, coupling shortwave generation 
and propagation models in MIKE SW to account for wave-current interactions by 
combining with MIKE HD to generate wave-current interaction (WCI) (Warner et al., 
2008) as well as to assess the combined outcome effect of waves-currents on bed 
shear stress. Salinity intrusion in the vicinity of the coastal zone is an example of a 
complex phenomenon to be well-represented in a model as it includes different 
variables throughout a water column.  Therefore, a 3D model can be utilised if needed 
for analysis with the consideration of temperature variability, salinity gradients in 
shelf seas, or fresh water interaction in estuaries. The sediment transport module in 
MIKE 21 ST models the pathways of sand transport based on current, tides and waves, 
and the simulation also includes initial rates of bed level changes to identify potential 
areas of erosion or deposition (DHI f, 2014). Hydrodynamic and sediment transport 
computations can be conducted as part of stand-alone modules, or in combination 
with an output that includes morphodynamic calculations by considering varying bed 
level changes as a result of the sediment budgets and feeding back the updated 
bathymetry in the respective time step (Latteux, 1995; Roelvink, 2006). 
To build a well-represented model of a river channel entrance, the relationship 
between the open sea, river channel entrance and the river basin should be combined. 
Regarding model integration framework as shown in Figure 2.10, the critical role for 
reductionist models lies in the provision of the boundary conditions from the reduced 
complexity model. Input in terms of hydrodynamic forcing such as tidal behaviour 
and wave condition can be provided in this case. These types of boundary conditions 
are likely to be seasonally influenced, and a reductionist local model is therefore 
expected to produce a vast range of possible scenarios for both pre- and post- 
engineering measures. Most importantly, reductionist models can play a major role 
in testing detailed multiple hypothesis as applied to the reduced complexity models. 
The exchange of information between models is necessary in terms of simulating the 
behaviour of bed changes, which involves the evaluation of sediment source and sink 
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that can be executed in the reduced complexity model, and this output can then be 
fed back into the reductionist local area model for a more accurate representation of 
the topography of the modelled area. Most importantly, the outcome of the 
reductionist local model can be used further to compare and validate the conceptual 
model used as a hypothesis, as the reductionist model by itself does not handle 
configurational changes that well (French et al., 2016). 
The quality of a reductionist model is mostly dependent on the various parameters 
such as sediment properties, which include sediment diffusivities, settling velocities 
and cohesive processes, which require expert knowledge to quantify. Although the 
proper specification of the closure model for turbidity is strenuous, it is vital for 
producing a sediment dynamic result (Wang et al., 2012). With the rapid development 
of reductionist models over the last few decades, it is undeniable that the model 
needs to be utilised when the level of detail and accuracy is of the utmost concern.  
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2.7 Sediment Deposition 
Sediment deposition is predicted using the combination of ocean and river energy. 
The modelling is based on the detailed modelling of waves and tides, as well as wave 
driven currents performed under MIKE 21 HD.   
 
Sediment deposition occurrs when the velocity of current decreases until a stage 
where the horizontal current is no longer able to support the transport of the particle; 
then gravity takes over for the sediment settlement (Julien & Vensel, 2005). For this 
reason, it is crucial to represent siltation. The sediment deposition will be solved using 
DHI MIKE 21 Mud Transport (MT) module. 
 
Attention is drawn towards cohesive sediment because mud distributes landwards 
and sand tends to be drawn seawards (Zhou, et al., 2015). The examples include 
cases in the Wash Bay, UK (Amos, 1995) and Jade Bay, Germany (Friedrichs, 2012). 
On that account, the subsequent improvement works should be subjected mainly to 
mud with secondary attention given to fine sand. Although MT is used predominately 
to analyse cohesive sediment, the model also examines non-cohesive fine suspended 
sediment (DHI c, 2012), which is applicable in this case.  
 
Sediment deposition was analysed using the MIKE 21 MT (Mud Transport) model with 
the combined effect of waves and current. The model included the transportation of 
sediment, its deposition, resuspension and erosion, with consideration of the variation 
of hydrodynamic conditions, tides and seasons.  
 
Figure 2.12 Example of modelled physical processes (DHI c, 2012) 
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According to DHI  (2012c) the governing equation for MIKE 21 MT module is based 
on the influence of waves introduced through the bed shear stress (Teisson et al., 
1993), as shown Equation 2.24 as follows;: 
 
𝜕𝑐𝑖
𝜕𝑡
+
𝜕𝑢𝑐𝑖
𝜕𝑥
+
𝜕𝑣𝑐𝑖
𝜕𝑦
+
𝜕𝑤𝑐𝑖
𝜕𝑧
−
𝜕𝑤𝑠𝑐
𝑖
𝜕𝑧
 
=
𝜕
𝜕𝑥
(
𝑣𝑇𝑥
𝜎𝑇𝑥
𝑖  
𝜕𝑐𝑖
𝜕𝑥
) +
𝜕
𝜕𝑦
(
𝑣𝑇𝑦
𝜎𝑇𝑦
𝑖  
𝜕𝑐𝑖
𝜕𝑦
) +
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Equation 2.25  
Where 𝑡  is time, 𝑥 , 𝑦 , 𝑧 represent cartesian co-ordinates, 𝑢 , 𝑣 , 𝑤  are the flow 
velocity components in the x y z directions respectively, 𝑐𝑖 is the mass concentration, 
𝑤𝑠
𝑖 is the fall velocity, 𝜎𝑇𝑥
𝑖  represents turbulent schmidt number which is the ratio 
between the rates of turbulent transport of momentum (eddy viscosity) and 
the turbulent transport of mass (Tominaga & Stathopoulos, 2007), 𝑣𝑇𝑥  is the 
anistropic eddy viscosity and finally 𝑆𝑖 is the source term (Teisson, 1991). 
Then, the deposition is solved by the equation 2.26 Transport of cohesive sediment  
(Krone, 1962): 
 
𝑆𝐷 = 𝑊𝑆 ∙ 𝐶𝑏 ∙ 𝑃𝐷 
 
Equation 2.27  
 
where 𝑊𝑆  is the settling velocity of the suspended sediment ( 𝑚 𝑠⁄ ), 𝐶𝑏  is the 
suspended sediment concentration near the bed, and 𝑃𝐷 is derived in Equation 2.28 
as highlighted by (DHI c, 2012), and is the expression of the probability of deposition: 
 
𝑃𝐷 = 1 −  
𝜏𝑏
𝜏𝑐𝑑
 
 
Equation 2.29  
 
Where 𝜏𝑏 is the bed shear stress and 𝜏𝑐𝑑 is the critical shear stress for erosion. 
A coupled model incorporating the outputs from hydrodynamic and spectral waves 
was applied to represent sedimentation. Simulation was undertaken for different 
monsoon seasons. The accuracy of the sediment dynamics model depends heavily 
on the hydrodynamic model as elaborated in Section 2.2, which is controlled by 
natural processes such as waves on a large scale (Deloffre et al., 2006; Lesourd et 
al., 2003). Hence, the wave field, which is the key input parameter is generated from 
the wave simulation and the verified hydrodynamic module.  
 
Early transport models commonly use general mean grain size to represent the whole 
spectrum of sediment information (Engelund & Hansen, 1967). However, this method 
is unable to predict the changes in grain size, in addition to underestimating the 
transport rate of the finer fractions (Wilcock & Kenworthy, 2002), in which the 
analysis is needed in this case. The grab sample method is used for its conceptually 
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simple method, being cost efficient and amenable to scheduling advantages.  Hence, 
some grab samples are obtained from the vicinity of the river channel entrance during 
the monsoon seasons. The grab sample fractions are further elaborated in Section 
5.4.2. As highlighted by (DHI c, 2012) the average settling velocity 𝑊𝑠  for each 
fraction is then determined using Stokes’s Law in Equation 2.30 as: 
 
𝑊𝑠 =
(𝜌𝑠 − 𝜌)𝑔𝑑
2
18 ∙ 𝑣
 
 
Equation 2.31  
 
In which 𝜌𝑠 is sediment density; 𝜌 is the density of water; 𝑔 is the acceleration due 
to gravity; 𝑑 represents grain size; 𝑣 is the viscosity of the water. Stokes’s law mainly 
applies to discrete particles and it is not to be applied for cohesive sediment because 
these particles come together in large numbers to form flocs. 
 
The model also considers the erosion of the bed layer, which is also relevant 
regarding the transfer of sediment from the bed to the water column. Erosion takes 
place in the area where the bed shear stress is larger than the critical shear stress 
for erosion. 
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2.8 Management Solution Consideration 
Coastal flooding is a pressing issue as a consequence of poor governance principles 
(Eisenman et al., 2007) as the outcome of the poor understanding of the causes and 
consequences of floods (Schneider, 2005). Hence the need for more detailed scientific 
approach is in this subject area. While many studies show the outcome of mitigation 
from a physical and social point of view, it is important to go further by analysing the 
results of various mitigation options as being both physically and socially constructed 
(Touili et al., 2014). The main means of assessing the key risks faced by a coastline 
as well as providing a coherent, integrated strategy to mitigate the socio-economic 
and ecological impacts of flooding on the coastal environment is a model currently 
adopted by the UK Government, which concentrates on Shoreline Management Plans 
(SMPs) and helps in describing the proper flooding and erosion management in a 
specific coastal area. These plans were initially drawn up in the 1990s and have now 
been updated to the second edition. The SMPs are based on one of four different 
management policies as described as follows: 
1. Hold the (existing defence) line – Build or maintain artificial defences to 
preserve the position of the shoreline. 
2. Managed realignment – Allow the shoreline to move naturally, but managing 
the process to direct in certain areas. This is usually done in low-lying areas, 
but may occasionally apply to cliffs. 
3. Advance the line – New defences and built created on the seaward side of the 
existing coastline. In this case, a product is proposed to address not only the 
erosion problem but gain land area. 
4. No active intervention – There is no planned action to be taken for the existing 
problem. Flood will not be able to be mitigated ‘do nothing scenario’.  
(Hardiman, 2013) 
 
The first method is the most widely practised in the industry by utilising a combination 
of hard and soft engineering solution to hold to the existing condition or shoreline. 
However, Shoreline Management Plans prefer to use option 4, which involves no 
active intervention, as in ‘Do Nothing’. An intervention that causes changes to coastal 
planning needs to be proven to show sufficient benefits. One of the many methods 
used to analyse this is by evaluating the Benefit Cost Ratio (BCR) of a proposed 
intervention, which should be “Robustly more than 1” (Sugdon, 2004) to be 
considered for funding. 
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Similar guideline to this approach also operates in Malaysia where coastal 
management policy is based on Integrated Shoreline Management Plan (ISMP), 
describing the options of coastal area management to deal with flooding and erosion. 
By dividing sections of coast into ‘management units’, the ISMP of Sabah has 
identified the following occurrences in the vicinity of the Petagas River channel 
entrance: 
1. Critical erosion threat (Class 1 of NCES 1985) with immediate danger for 
damage or loss of value. 
2. Sedimentation has further increased following the reclamation for the KKIA 
runway extension, this is due to the northward littoral drift being trapped at 
the end of the reclamation. 
3. The vicinity of the river channel entrance is located at management unit C5-
19: Tg Dumpil to Sg Petagas as shown in Figure 2.13, which has management 
objectives as follows: 
a. Improve river channel entrance navigability and flood conveyance  
b. Protect village against erosion  
c. Improve flushing capacity  
d. Manage coastline retreat 
(Ministry of Natural Resources and Environment Malaysia, 2012a) 
 
Figure 2.13  Management Unit C5-19 extracted from  
(Ministry of Natural Resources and Environment Malaysia, 2012b) 
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According to the numerical modelling results, the stated management objectives can 
be achieved by advancing the coastline with new defences and created on the 
seaward side of the existing coastline.  
 
Currently, short-term/immediate action is taken by dredging the river channel 
entrance occasionally to allow sufficient discharge through the river channel entrance. 
The local residence in Contoh Village, which is beside the Sg. Petagas River channel 
entrance is trying to maintain the existing shoreline by building artificial defences 
using constructing provisional shoreline protection, which is made out of tyres and 
concrete pile stubs as shown in Figure 2.14.  
 
 
Figure 2.14  Coastal Protection Constructed by Local Residents made out of Used Tyres 
 
With major population and economic growth concentrated around the coastal area in 
Sabah especially in Kota Kinabalu, the proper management of the river channel 
entrance is of critical importance. The majority of coastal villages depends on fisheries 
as their main source of income with tourism and agriculture becoming more important 
over the years. The increasing population resulting from urbanisation has changed 
the environmental conditions in coastal areas (Terrados et al., 1998; Wilkinson, 2000). 
Deforestation for the purpose of urban development in river basin areas has resulted 
in increased soil erosion and overland runoff which further transport sediments into 
rivers and eventually deposited downstream in coastal waters. For that reason, the 
coastal zone is not to be seen in isolation.  To maintain socio-economic growth, 
proper management, legislation and effective enforcement is crucial (Jakobsen et al., 
2007). In this research, the focus of the model will be in the vicinity of Petagas River 
channel entrance, where the findings will be used to propose an optimum mitigation 
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measure. The methodology applied to develop a mitigation measure for the Petagas 
River Channel Entrance is considered an example to be followed by others for the 
management of river channel entrances especially in monsoon-influenced regions, 
and around the world, in resolving the impact caused by discharge restriction of river 
channel entrances on the coastal environment.   
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2.9  Engineering Solutions Considered 
Engineering solutions that are common in the management of a river channel 
entrance in this region are revetments, seawalls, groynes and breakwaters. Usually, 
structural solutions have an immediate short term and occasionally long-lasting 
environmental impacts. A common example is the construction of a groyne as a 
training channel in a river channel entrance, which often results in downdrift erosion 
of the adjacent stretch of beach. Hence selection and application of a particular 
structural solution require an adequate understanding of the consequences of its 
impacts on and adjacent to the area. One or a combination of two or more of the 
mentioned structures is suitable and efficient in addressing the sedimentation 
problem in a river channel entrance. 
 
The few options considered in this study are breakwater, revetments, reclamation 
and dredging. 
 
2.9.1 Revetment 
A revetment is a sloping structure that is used to maintain existing shoreline or to 
protect the slope of the open channel, to provide protection from wave action or to 
retain in situ soil or fill as a defence against erosion (Graaff, 2009). Revetments can 
be constructed as both buried and exposed structures. Revetments these days are 
usually made out of rocks as shown in Figure 2.15 or cast concrete blocks called 
Tetrapods, as shown in Figure 2.16.  
 
Figure 2.15  Armoured Rock Revetment (SNH, 2000a). 
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Figure 2.16  Tetrapod Revetment (Patel, 2015). 
 
In times gone by, revetments made of timber were widely used. Timber revetments 
are originally made out of planks laid against wooden frames. However, they are 
largely being replaced by armoured rocks or concrete blocks. The easy workability of 
timber allows them to serve various purposes in which they are used as a permeable 
‘fence’ along the upper beach or a final wave protection wall when built as an 
impermeable vertical breastwork along the upper shoreline (Keating et al., 2012) 
 
 Figure 2.17  Timber Revetment -Breastwork (SNH, 2000b) 
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Rock revetments are constructed by armouring the dune face. The rugged face 
formed by the rocks dissipates waves energy to prevent erosion. Rock revetments 
are widely used in areas where the property value outweighs the construction of the 
revetment, or the infrastructure is fixed.  
 
There are two types of rock/concrete revetment normally utilised in this region; rock 
revetment and riprap revetment. The major difference between these two is the 
absence of the toe and splash apron in riprap revetment as shown in Figure 2.18. 
 
Figure 2.18  Typical Coastal Revetment Cross-section (Pile Buck, 2014) 
 
Rock revetment should be constructed with in-depth study and analysis of a shoreline 
prior to the implementation. Local knowledge of processes and beach movements 
are usually obtained from measurements and observations over a period of time (SNH, 
2000a). 
 
The main design and construction consideration for rock revetments are rock grading 
(Hudson’s Equation) and construction method. As with all rock structures, the crest 
elevation, face slopes and crest width must be determined with strict consideration, 
mainly determined by the site tidal datum with other factors such as storm surges 
and sea level rise (Van der Meer, 1987).  
 
The rock grading is dictated by the quality of rock, determined by hardness and size 
of the rock. It is largely dependent on the rock source from quarries where the 
availability/cost of the suitable rock is adequate. Subsequently, the design 
determination of rock size is based on wave surge, wave period and direction, 
structure slope, risk factor and cross-sectional design (Lee et al., 2016).  
 
As a general rule, rock that weights between 1 to 3 tonnes is adequate provided it is 
placed in a double layer format with a slope inclination of not more than 30 degrees 
to the horizontal. With this in mind, the risk factor is minimum. Determination of 
revetment face slope is a compromise between a gentler angle that absorbs more 
wave energy and is therefore exposed to less toe scour (Muttray & Reedijk, 2008). 
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This eventually allowed the usage of smaller rocks compared to a more extreme angle 
which tends to give a structure a lower footprint with less rock volume. A larger rock 
size with a slope of up to 45 degrees is a reasonable compromise provided the natural 
dune slope is maintained. The rock size is required to be larger in the area in which 
the structure is below High-Water Mark of Ordinary Spring Tides - HWMOST. 
 
The revetment structure is to be constructed when rocks are placed in a shallow 
trench with a layer of geotextile laid underneath to prevent the migration of sand as 
well as to minimise settlement of structure and to promote equal settlement if it 
occurs. The geotextile should be wrapped all around the base layer of the revetment 
structure which includes the toe of the structure that is set below the lowest 
measured seabed level as shown in Figure 2.18. 
 
The length of the revetment protection area must be sufficient to protect valuable 
backshore assets. To prevent localised scour, the structure connection ends must be 
buried between 5 – 10 m over the final 20-40 m length of the structure, depending 
on the expected rate of future erosion. The sloping angle of this final section should 
be decreased to enhance the wave absorption capability. In maintaining the rock 
revetment function, revetment length may need to be extended if erosion occurs at 
the adjacent dune front continue (SNH, 2000a).  
 
 
Figure 2.19 Erosion Occurrence at Adjacent Dune Front as a result of the Construction of Coastal 
Structure 
 
The crest level of a revetment structure is determined by considering various factors 
with the major one being the design water level, which ideally is based on the Highest 
Astronomical Tide (HAT) or storm surge of a particular site. Added to that, the wave 
run-up, wave overtopping, structure settlement, freeboard and sea-level rise factor 
need to be considered as well (US Army Corps of Engineers, 1995). During the 
extreme season, some overtopping damage is inevitable. The designer’s judgement 
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in determining the acceptable level of risk will depend on the potential damage and 
the probability of the occurrence of extreme events. Another key element on the give-
and-take of the footprint of the structure is to strike a balance in between aesthetic 
and function of a particular rock revetment. 
 
Public safety is a concern where large rock revetment is constructed in a populated 
area to protect valuable backshore assets. To increase the wave energy dissipation, 
rocks on the dune face of a rock revetment structure is placed randomly to form a 
rough surface with large voids. The safety of walking on the large boulders is often 
misjudged by the public. The boulders often move when walked on, and the voids 
may be large enough to fall or climb into, which cause injury or people to become 
trapped. As the structures extend down to the level below the mean sea water, the 
lower rocks will be slippery to walk on during low tide due to algae coverage. The 
public may fall into the water with the possibility of drowning. Hence, warning signs 
should be displayed highlighting the dangers of unstable dune faces such as slippery 
algae growth, buried defences, gaps in rocks, etc. (SNH, 2000a) 
 
The construction method of a rock revetment is usually the next major determinant 
factor on the design of a bank protection based on the site location. The main method 
of transporting rocks is separated into by land and sea transportation. The ground 
transportation method is preferred in this region provided the site is accessible with 
large machinery to transport boulders as shown in Figure 2.20. Erosion often occurs 
when valuable assets have been in place without any access for construction, in this 
case, a marine-based method will be used where the raw materials and machinery 
are transported using barge as shown in Figure 2.21. Accessibility is often a major 
issue in this region and will affect the consequent cost of the product. Rock 
revetments provide a long-term solution for major bank and shoreline protection 
usually with a design life of 30 years with proper maintenance (Hudson et al., 2015). 
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Figure 2.20  Revetment Construction Using Lorry and Excavator (Varela, 2016). 
 
 
Figure 2.21  Revetment Construction Using Barge as Transport (Arena Kish, 2015). 
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2.9.2 Breakwater 
A breakwater is a structure constructed for the purpose of forming an artificial 
harbour with a basin, in order to be protected from the effect of waves as well as to 
provide safe berthing for water vessels (Sciortino, 2010). Breakwaters intercept 
longshore currents and help to prevent beach erosion (Britannica, 2015).  
 
There are many different types of breakwaters; natural rock and concrete, or a 
combination of the two. These are the materials which form 95 percent or more of 
all the constructed breakwaters. During ancient times, a breakwater was made from 
simple mounds, consisting of stones. Breakwaters existed as early as 2000 B.C., when 
a stone masonry breakwater was constructed in Alexandria, Egypt. Figure 2.22 Shows 
a rubble mound breakwater discovered in Civitavecchia, Italy, which was built by the 
Roman Emperor Trajanus (A.D. 53-117) and is recognised as being the oldest existing 
rubble mound breakwater (Ito, 1969).  
 
 
Figure 2.22  Rubble Mound Breakwater in Civitavecchia (Ito, 1969) 
 
Laboratoire Dauphinois d’Hydraulique introduced the Tetrapod in the 1950s, which is 
the first interlocking armour unit. The main advantage of the tetrapod is the various 
improved core function of the traditional armoured units, which includes better 
interlocking capacity, larger and more voids in the surface causing better wave energy 
dissipation and reducing wave run-up. 
 
Concrete armour unit production was popular between 1950-1970 (US Army Corps 
of Engineers, 1984). However, it has only been applied in a very limited number of 
projects. It is usually placed uniformly in a double-layer format of random dumping 
to form a volume. The stability of concrete armour structure is largely dependent on 
the concrete block self-weight and its interlocking capability. However, the failure of 
Sines breakwater in Portugal in 1978 and the invention of Accropode by Société 
Grenobloise d’Etudes et d’Applications Hydrauliques in the year 1981 more or less 
ended the use of concrete armour units. The failure of the breakwater in Sines was 
the result of the slender dimension of armour units, which are designed for maximum 
interlocking but lack in terms of their overall structural stability. Apart from that, the 
gradual breakage of armoured units has also caused progressive failure to occur. 
Single layer randomly placed armour units such as Accropode I by ‘Sogreah’, and 
below has gained popularity since its invention in 1981 and has become the leading 
armour unit worldwide for the next 20 years. Since then, Sogreah have come up with 
various improvement to concrete armour units which includes Ecopode in the year 
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1995 and Accropode ii in the year 1999. Core-Loc and A-Jack were also invented as 
spinoffs by USACOE in 1995.  
 
In the 1960s a different concept of single layer armoured units was also developed. 
This concept consists of single armour layer with hollow blocks that are placed 
uniformly side-by-side. The principle of this concept is not based on weight or 
interlocking but on friction, which has improved the very high wave dissipation 
capability and provides a very stable hydraulic outcome. An iconic example of the 
application of this concrete armour blocks is the protection of the manmade island of 
the Burj Al Arab Hotel in Dubai UAE (Muttray & Reedijk, 2008).The similarity of this 
future development and improvement of these armoured units has tended to 
concentrate on enhancing interlocking strength and wave dissipation capabilities, 
which resulted in more economical than multiple layers armoured units.  
 
An overview of the overall evolvement of breakwater armour units is shown in Figure 
2.23. 
 
Figure 2.23  Overview of Breakwater Armour Units (Muttray & Reedijk, 2009) 
 
The function of the breakwater is designed to control wave action and longshore drift. 
Depending on the design of a breakwater, its core function is to dissipate, radiate, 
transmit and to frequency and reflect wave energy. The direction of the wave 
spectrum will change as the wave approaches and in contact with the breakwaters 
(Iñigo J. Losada et al., 1993). The partial standing wave pattern is likely to be seen 
in all types of breakwater. Thus, wave transformation which includes wave energy 
dissipation, transmission, modulus and phase, and refraction plays an important role 
in defining the wave regime around all the dune face seaward, leeward and inside of 
the breakwater (Hughes & Fowler, 1995; Losada et al., 1997; Sutherland & 
O’Donoghue, 1998; Vilchez et al., 2016). 
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Depending on the typology, a breakwater can also be designed to encourage 
longshore drift. Various examples have shown that the construction of a coastal 
structure such as a breakwater interferes with beach volume and the natural coastline. 
In order to maintain drift, in-depth study of the site location is needed as the 
dimension and shape of the overall breakwater structure is to be determined 
according to the site morphology data monitoring over a sufficient period of time in 
recording the changes of beach volumes and profiles as well any erosion of the 
coastline (Barton & Brown, 2014). 
 
There are three major types of breakwater, Rubble Mound type, which is the most 
common, followed by the vertical and non-gravity breakwater, which has been 
gaining in popularity lately (Takahashi, 2002). Rubble mound type breakwaters are 
recognised as the most traditional breakwater and are still the most commonly used 
in coastal defence structures globally (Thaha et al., 2015). The simple function of the 
outer face is to dissipate wave energy. The best rubble mound breakwater is the 
breakwater that can dissipate a large portion of incoming energy, which results in 
smaller transmitted and reflected waves.  
 
Figure 2.24  Rubble Mound/Gravity Breakwater (Zabez, 2015) 
 
The concept of the vertical breakwater is to reflect waves, in contrast to the rubble 
mound breakwater which functions in breaking waves (Takahashi, 2002). A Vertical 
breakwater is only suitable to be constructed in solid foundation such as a rock or 
coral reef. An unreinforced Vertical Breakwater as shown in Figure 2.24 shall not be 
constructed in locations where the water level is more than 2 metres and/or subject 
to strong wave action. The composite type of vertical breakwater is suitable for soft 
foundations. The vertical breakwater normally sits on the top part of the mound 
projecting above sea level if used on soft foundations. Special consideration should 
be given when deciding on the position and shape of the vertical breakwater as it 
does not absorb wave energy; instead it reflects everything back. This is very 
common in harbours that experience “choppy-sea” scenarios. 
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Figure 2.25  Vertical Breakwater (Zabez, 2015). 
 
Gravity breakwaters consist of a foundation which supports the structure and 
maintains its balance; the core structure which handles the transformation of wave 
energy to the foundation, and the superstructures that control the wave overtopping 
and if necessary provide access (Vilchez et al., 2016). 
 
Gravity breakwater is preferred in many cases as it is constructed easily with 
commonly available equipment such as excavator, tipper truck, barge, etc, coupled 
with naturally and easily obtained resources such as boulders and concrete. Most 
gravity breakwaters have been proven to perform well with stable durability and 
minimal maintenance. However, the depletion of natural resources such as quarried 
boulders with its increased handling cost over recent years has led to another 
emerging competitor in the concrete armour unit.  Quarried boulders are needed to 
form the outer layer of gravity breakwater in protecting structures against wave 
attack. 
 
Non-gravity type breakwaters are a particular kind of breakwater, which comprise 
piling, floating or pneumatic types. Curtain wall breakwaters as shown in Figure 2.26 
are one type of non-gravity breakwater, held in position by piles, driven into the 
seabed or rubble mound. Alternatively, the top side of the skirt can be attached to 
moorings, making it a floating type structure which is easily replaced. The skirt 
reflects wave energy which only allows minimal energy to move through the provided 
gap underneath. This kind of breakwater is useful when placed in a location with 
short wave period because short waves will be attenuated when hitting the structure.  
 
 
Figure 2.26  Curtain Wall Breakwater (EVANS, 1955). 
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Another type of non-gravity breakwater is the sheet pile breakwater as shown in 
Figure 2.27. This type of breakwater works on the same principle as a vertical wall 
breakwater. It is held in placed by being driven into the seabed. One of the major 
concerns of this type of breakwater is scouring, especially if the seabed consists of 
soft materials such as sand. Hence, proper toe design consideration is necessary.  
 
Floating type breakwater in Figure 2.28 is a type of non-gravity type breakwater 
which works on the same principle as the curtain breakwater. The difference is that 
the floating barrier is extended to the level to reflect the necessary wave energy. It 
is held in place by mooring chains fastened to the seabed. The additional benefit of 
this type of breakwater is its ability to serve as a mooring to berth floating craft on 
the lee side of the breakwater. 
 
 
Figure 2.27  Sheet Pile Breakwater (EVANS, 1955).  
 
 
Figure 2.28  Floating Breakwater (EVANS, 1955). 
 
Pneumatic breakwaters work by calming the wave by injecting bubbles underneath 
the waterbody. This process has been around for 100 years. Previously the outcome 
of pneumatic breakwater could not be predicted (EVANS, 1955). However, a 
numerical solution has been discovered (Zhang et al., 2010) after continuous 
research in this area. The major benefit of a pneumatic breakwater is its minimal 
structural footprint and that it can be operated when needed. However, it is only 
effective for short wavelengths. 
 
Breakwater layout/orientation is a major design consideration, which includes 
navigational aspects, wave penetration, and environmental effects. This 
consideration is only possible using detailed numerical modelling study of a 
breakwater site and with sufficient data collection. 
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2.9.3 Dredging 
Dredging is the maritime transportation of natural materials from one part of the 
water environment to another by specialised dredging vessels and involves collecting 
or clearing away any materials from the bed of a river or sea. Dredging is considered 
a construction process and a dredged area may be considered as a temporary 
structure where the dredged area may be filled in due to the dynamic sediment nature 
of a sea or river bed. Since the beginning of civilisation and communities’ evolution, 
water-borne transportation has been growing in importance, resulting in the 
increased requirement of easily accessible ports and harbours to the shipping industry. 
Therefore, one of the major reasons for dredging in nearly all the major ports in the 
world is to create or extend shipping access channels and turning basins, in order to 
provide appropriate water depths along waterside facilities to accommodate 
supersized vessels, known as capital dredging. Many of the channels eventually 
require maintenance dredging, i.e. the removal of sediments deposited in the 
shipping channel to ensure sufficient dimension for shipping vessels (IADC / IAPH, 
2010).  
 
Dredging can be categorised as either capital or maintenance. Where capital dredging 
is usually categorised as a one-off operation, maintenance dredging is used to 
describe dredging of a recurrent nature. Dredging is undertaken to serve a variety of 
purposes and is achieved using different types of dredging method and equipment. 
The reasons for dredging include excavating material from underwater to create more 
conveyance in a lake, river, or the open ocean, and to obtain construction materials 
for various construction purposes, which also includes material replacement to 
achieve a better structural foundation for the construction of breakwater structure. 
In Malaysia, one of the major uses of dredging is to improve the hydraulic efficiency 
of a river channel (Cohen et al., 2015). The Port of Tanjung Pelepas (PTP) in Johor 
as shown in Figure 2.29, which is the largest and most important transhipment hub 
in Malaysia was completed in 1998 with 2800m of waterfront, followed by the second 
phase in 2003 with deeper and wider dredged channel allowing additional container 
berths, terminals and industrial buildings (Renkena & Kinlan, 2000). 
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Figure 2.29  Port of Tanjung Pelepas in Malaysia with dredged channel allowing handling of  
multiple cargo vessels birthing (Pelabuhan Tanjung Pelepas, 2012). 
 
Dredging can be done with the utilisation of different types of equipment with the 
ability to dig, transport and dump a certain amount of underwater soil in a certain 
time (Vlasblom, 2003a). Important factors that play a part in the ultimate choice of 
dredger include the quality and type of material to be dredged, placement or 
relocation alternatives, availability of equipment or cost of mobilisation and accuracy 
(Rotterdam Public Works Engineering Department, 2001).  
 
The most common type of dredging methods available locally are cutter head suction 
dredgers (Mechanical Dredger) as shown in Figure 2.30. These utilise hydraulic 
centrifugal pumps to provide the dislodging and lifting force and remove the material 
in a liquid slurry form. They usually work well in loose, ‘unconsolidated’ silts, sands, 
gravels and soft clays. In cohesive materials teeth or water jets may be needed to 
break up the material. The cutter-head dredger uses rotating mechanical devices, 
called cutters, mounted ahead of the suction head. The cutters excavate the material 
into suitable sized quantities, which are then sucked into the suction pipe as a 
solid/water slurry and pumped to the surface. They are characterised by high 
production rates and able to effectively dig silts, clays, sand, gravel, cobbles and 
fractured and sound rocks (Vlasblom, 2003b).  
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Figure 2.30  Cutter Head Suction Dredger at work in Terengganu River Channel Entrance Malaysia 
(Dr. Nik & Associates, 2014) 
 
Dredging has always been an invisible industry as the work is mostly done underwater, 
and tends to be low-key, pragmatic and highly technical. The dredging industry is 
constantly striving to improve its performance, both with respect to technical and 
managerial efficacy and in relation to environmental protection.  
 
For the purposes of this research, the river channel is dredged to maintain channel 
orientation and to improve channel conveyance capacity, by ensuring a suitable depth 
for sufficient hydraulic efficiency and to ensure sufficient navigational manoeuvrability 
within it. A trained channel is considered in this case to minimise the maintenance 
cost and maintenance frequency of the river channel entrance. 
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2.10 Knowledge Gap 
Previous modelling studies have shown that the wind condition in the South China 
Sea is governed by the North East (NE) and South West (SW) Monsoon with a mean 
wind speed of around 10-14m/s (Abdullah, 1992; ICZM Task Force, 1998; Lokman 
Husain et al., 1995; Zakariya, 2012). Typically, the North East Monsoon season lasts 
from December to March and the South East Monsoon season lasts from June to 
October, with the remainder of the year known as the transition period (Malaysian 
Meteorological Department, 2012). A modelling study by Xue et al. (2012) showed a 
similar directional shifting of coastal current from North East to South West monsoon 
period in the South China Sea, also known as the wetting region where frequent 
tropical storms and typhoons occur (Santini & di Paola, 2015). Waves at the river 
channel entrance play a major role in sediment transport and coastal morphology 
(Amoudry, 2008; Chiang & Hsiao, 2011; Valsamidis et al., 2013). The overall pattern 
in the month-to-month wave directions are related to the dominant directions of the 
monsoon winds (Mangor, 2007). The current direction is parallel to the prevailing 
wind direction of the South China Sea. 
Several good comparative examples can be found, as evidenced by a series of studies 
performed in the Mekong River Delta in Cambodia, which also discharges into the 
South China Sea (Kocar & Fendorf, 2012; Schmitt & Albers, 2014; United Nations, 
1969; Xue et al., 2012). Numerical modelling in this case is particularly useful in 
predicting the outcome of different management solutions (Stark et al., 2016; Wang 
et al., 2014) or even the future outcome of any river channel entrance because it 
helps save time and cost compared to physical modelling. The coastal processes and 
geomorphic behaviour in the Petagas River channel entrance have never previously 
been explored as an integrated system. In addition, the way the system evolves 
under future conditions as an integrated approach that fully appreciates the 
interconnectivity between the river basin discharge, river channel entrance and the 
open coast will be examined further in this research. 
Based on the preceding information there is an apparent gap between the correlation 
of temporal patterns and their effects on river channel entrance analysed as an 
integrated system as a whole. Also, integrating the viability of management solutions 
utilising numerical modelling analysis is often disregarded. Hence, this research 
focuses on bridging the gaps between these aspects. The overall answers to these 
research gaps can be found in Chapter 7. 
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3 Description of the research area 
3.1  Geomorphology of the Site 
Located in Sabah, Malaysia (Formerly known as North Borneo), the Petagas River 
serves as the main outlet for the Moyog river basin, covering an area of 297 km2  
(DID, 2011). As the urban centre of Kota Kinabalu city continues to expand on to the 
Moyog floodplain, this has resulted in the transition of land use from rural 
development and cultivation of rice paddies to intensive urban development. This has 
caused immense changes in river characteristics (DID, 2011). Apart from being one 
of the largest and increasingly most important river basin in Sabah, the Moyog basin 
has recorded rainfall intensities of up to 400mm over a period of 24 hours, which is 
one of the highest in Malaysia (DID, 2011).  
The Petagas River channel entrance is located immediately to the south of Kota 
Kinabalu International Airport (KKIA). This river channel entrance discharges into the 
South China Sea through a single south-westerly channel about 50m wide. The 
growing importance of river channel entrances in Sabah has been acknowledged 
recently as one of the leading causes of flooding (Syvitski et al., 2014). Hence, the 
necessity for more advanced and sophisticated techniques capable of measuring 
physical changes in river channel entrance morphology is crucial. Therefore, 
computer modelling is widely used due to its cost effectiveness and time-saving 
capability.  
The Sungai Petagas River channel entrance features a textbook example of a 
dynamically evolving river channel entrance, with problems frequently encountered 
in this region, and is the main focus of this research. The Sungai Petagas River 
channel entrance is located on the West Coast of Sabah at Putatan, a few kilometres 
south of Kota Kinabalu, Malaysia.  Figure 3.1 shows a map of the Petagas River 
channel entrance Location.  
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Figure 3.1   A map of the Petagas River channel entrance Location (Sat Image from Google Maps, 2009)
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The Petagas River channel entrance is located on the west coast in the state of Sabah, 
Malaysia as shown in Figure 3.1 to the immediate south of Kota Kinabalu International 
Airport facing an overall south-westerly direction and discharging into the South 
China Sea, a few kilometres to the south of Kota Kinabalu city. To the north of the 
river channel entrance, the coastline is strongly curved due to wave sheltering caused 
by the islands and coral reefs in the TAR Marine Park just off the Tanjung Aru 
headland. The coastline to the south of the river channel entrance has a south-
westerly to north-easterly orientation.  
Tides plays a major role in the circulation process. The tidal regime is mixed, mainly 
diurnal with one tidal cycle per day with an F value of 2 (Lisitzin, 1974) based on a 
constituent analysis undertaken by the Kota Kinabalu Port Authority (Malaysian 
Meteorological Department, 2009) and further derivation is given in Section 3.2.1. 
 
 
Figure 3.2  Oblique aerial photo view of Petagas River channel entrance 
 
Sedimentation is one of the most common problems to occur in a river channel 
entrance, and one of the most complex processes (Jayappa & Narayana, 2009; 
Mashriqui, 2003; Nelson et al., 2013; Nylen & Ramel, 2011; Robakiewicz, 2010). This 
complex phenomenon occurs throughout Malaysia under the hydraulic conditions 
found when the velocities are low, causing sand and silt to be deposited on the river 
bed (DID, 2001). The study of sedimentation dynamics behaviour in relation to 
temporal patterns needs to be carried out with prolonged and reliable data collection 
(Roy et al., 2012). An understanding of sedimentation requires thorough research of 
the hydrodynamic processes of the tides, the river flow, and the morphology of the 
bed (DID, 2001). From hydrological data obtained for the Petagas River, it has been 
shown that the main wave direction during the SW monsoon period is the main driver 
for the sediment transport and morphology at the river channel entrance, which is 
the focus point of this research.  
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Due to the sedimentation problem in the Petagas River channel entrance, the Moyog 
River, which is connected to the Putatan River further upstream, also sustained 
serious flooding problems (Sabahkini.net, 2012). According to the Petagas local 
authorities, the navigational condition of the river has worsened lately. The shallow 
bathymetry of the Petagas River channel entrance is prone to sedimentation due to 
increased bed friction; causing further river flow deceleration and lateral expansion 
of the river channel entrance area (Wright, 1977). Apart from the ocean energy, 
sediment grain size is a major factor in the sediment dynamics of a river channel 
entrance (Orton & Reading, 1993).  
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As a result of sedimentation, the bathymetry of the river channel entrance is relatively 
uneven as shown in Figure 3.2. Petagas River used to supply sediment to maintain 
the Tanjung Aru Beach to the north, but reclamations for the extension of Kota 
Kinabalu International Airport (KKIA) have blocked the sediment transport as shown 
in Figure 3.3b. Hindrance caused by the reclamations has further increased the 
sedimentation problem of the shallow river channel entrance.  
 
a 
 
b 
 
Figure 3.3  Satellite Imagery at the Vicinity of the site (a) Captured yr. 2002 before the further 
reclamation (b) Captured yr.2010 after the further reclamation of yr. 2006 (Google Maps, 2015). 
 
The river channel entrance of Petagas River is connected to the South China Sea by 
a single channel about 50m wide. The Petagas River is one of the major discharge 
channels for the Moyong River basin (297km2). Recent development has caused 
increased discharge and sediment transport from the river basin (DID, 2011), which 
has been studied by many researchers (Syvitski et al., 2014). The river channel 
entrance continues to respond to a dynamic morphology due to interannual climate 
variation of Northeast (NE) and Southwest (SW) monsoon seasons. Interannual 
climatic events cause fluvial flooding and flushing of sediment downstream (Mitchell, 
2013), as evidenced in the Petagas river channel entrance where rapid development 
within the upstream river basin has resulted in a great volume of loose sediment 
being flushed down to the Petagas River channel entrance. As a result, navigational 
conditions have worsened. Within the Moyong River basin lies Moyong River which is 
linked to Petagas River and both are prone to overspill causing frequent fluvial 
flooding (DID, 2011).  
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3.2  Metocean Condition 
The following Sections feature descriptions and statistics on tidal, wind and wave 
patterns in the Petagas River channel entrance. 
 
3.2.1 Tides 
The tidal signal at any location in the world’s oceans consists of a large number of 
individual waves of different frequencies caused by gravitational forcing. These waves 
are referred to as “constituents”, where each constituent is described by amplitude 
and phase. As these waves behave linearly and do not interact, a measured water 
level record can be decomposed into a series of constituents, which summarise the 
tidal characteristics of the area. Tidal predictions for the area may then be made for 
any time in the past or future by reconstituting a water level time series from the 
extracted tidal constituents. Tidal regime analysis is shown in section 5.1.1. 
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3.2.2 Monsoon Seasons 
Monsoons occur due to the migration of large-scale sea-breezes caused by warming 
phenomena. The occurrence of these phenomenon is due to low pressure in the 
continental landmass, which heats up the air faster here than over the ocean. This 
causes the air pressure above the land to be lower than usual, which in turn causes 
the wind over the sea to blow landwards and bring the moist air from the sea, as a 
result of solar radiation (Huffman et al., 1997). Seasonal occurrence of the monsoon 
is caused by the slight inclination of the earth’s pitch at an angle of 23.5ᵒ. This causes 
opposing seasons between the northern and the southern hemisphere (Kripalani & 
Kulkarni, 1997). In Malaysia, the occurrence of the monsoon season is divided into 
three main periods, the North East Monsoon that occurs between early December 
and ends in March; the South West Monsoon that begins early June and ends in 
October; the remainder of the period is known as the Inter-monsoon. 
In Malaysia, this movement of wind occurs more significantly on a seasonal basis 
every year. In fact, during the monsoon season in Malaysia, the winds that blow 
regularly are usually within three months between monsoon seasons and other 
seasons. There are four monsoon seasons in Malaysia. Two of the main seasons are 
known as the Southwest Monsoon season and Northeast monsoon season. The 
Southwest monsoon is said to have drier conditions than the Northeast monsoon. 
 
3.2.3 Offshore Wind and Wave Pattern 
The weather patterns over the entire South East Asia region are mostly governed by 
persistent pressure systems developed over the large landmasses of the Asian and 
Australian continents. A high-pressure system develops over the continent in the 
winter hemisphere while a low pressure system develops over the continent in the 
summer hemisphere (Nurukamal & Razali, 2016). This is the cause of the occurrence 
in monsoon seasons. Further analysis is carried out on the behaviour of offshore wind 
pattern in Section 5.1.2. As for off-shore wave climate, the wave behaviour is largely 
influenced by wind as detailed in Section 2.1. This is further proven by the data driven 
analysis carried out in Section 5.1.3. 
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3.2.4 Regional Current Conditions 
The monsoon winds dominate the surface current systems of the sea and hence 
dominate the currents on the continental shelves in the area.  This is further 
illustrated in Figure 3.4 and Figure 3.5 
 
Figure 3.4  Predominant surface currents in January from South China Sea Plot (Growmodel, 
2009). 
 
As shown in Figure 3.4 during the NE monsoon period water flows from the Pacific 
into the South China Sea through the Bashi Channel/Luzon Strait towards the China 
Coast. The flow is forced by the monsoon winds. The moving water masses create a 
strong south-westerly current along the South China coast. It continues along the 
Vietnam coast, where strong currents are observed. A counter-current (return flow) 
develops off the Borneo coast as a result of the wind-induced set-up from the 
persistent north-easterly winds. These current joins the water from Sulu Sea and 
again merges with the main drift off the China Coast. This leads to a weak north-
easterly current at the site, even during the NE monsoon. 
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Figure 3.5  Predominant surface currents in July from South China Sea Plot (Growmodel, 2009). 
 
During the SW monsoon period shown in Figure 3.5, the current direction develops 
parallel to the prevailing wind direction develops. A strong inflow of water from the 
south occurs through the Karimata Strait and runs northwards along Peninsula 
Malaysia towards the Vietnam coast where the strongest currents are generated. One 
branch generates a weak circulation pattern in the Gulf of Thailand, while the main 
drift flows along the southern Vietnam coast and continues towards Hainan Island 
and the coast of South China. The wide and uniform drift in the northern part of the 
sea exhibits a deflection to the right of the wind. The monsoon drift pushes the water 
of the South China Sea through the Bashi Channel and Luzon Strait. Due to the 
moderate supply of water from the Java Sea, a counter current offshore of Sabah 
develops and flows towards the southwest, providing additional water to the main 
monsoon drift. This return flow may at times affect the site as its separation point 
along the coastline is not stationary. 
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4 Data Utilisation 
To carry out the research assessment, data have been collected from various 
sources. These include:  
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I. Bathymetric and Topographic Survey Data 
• Field Survey 
• BRSO Map 
II. Acoustic Doppler and Current Profile Data Collection (Transects Measurement) 
for model sensitivity tests. 
• Flow Velocity (Current Speed) 
• Flow Direction 
Water Level  
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III. Wind Conditions 
• From Global Forecast System  
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IV. Tides 
• KMS Tide Model 
• Local Tidal Stations 
V. River Discharge 
• Gauging Station 
VI. Sediments  
• Grab Samples 
• Gauging Station 
VII. Wave Conditions 
• GROW Ocean Wind Wave Model 
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4.1 Bathymetric and Topographic Survey 
The detailed bathymetric survey in the vicinity of the river channel entrance was 
produced using an echo sounder. Bathymetrical survey data are presented in ASCII 
format using BRSO map projection with vertical datum being equal to chart datum 
(CD). Chart Datum (CD) in this project site is based on the Kota Kinabalu Port 
Benchmark which is 1.23m below mean sea level. Track lines of the bathymetric 
survey are shown in Figure 4.1 where the interval of the survey line is 100m, by the 
recommendation in DID Manual (DID, 2009). Measured Bathymetry is used in the 
river channel and the vicinity of the river channel entrance except for surrounding 
sea, where BRSO map projection is used. The bathymetry in the river channel 
entrance is shallow with depth variation between +0.5m and +1.25 m, as a result of 
sediment deposition causing very shallow conditions along the banks and in the 
middle of the channel entrance. The seabed becomes gradually deeper seawards, 
whereas the river has an average depth of -2.5m msl in the middle of the channel. 
 
Figure 4.1  Bathymetric and topographic survey at the vicinity of Petagas River Entrance. The 
individual survey points are as indicated in the figure. 
 
       Survey Points 
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4.2 Acoustic Doppler and Current Profile Data Collection 
An Acoustic Doppler Current Profiler (ADCP) is an instrument to measure current 
speed and direction over the entire water column. An ADCP measures data non-
intrusively with unmatched efficiency compared to other equipment (Kim & Muste, 
2012). The main component ADCP measures are the flow velocity, flow direction and 
the water level overflow depths and transect. A comprehensive range of scientific 
and practical analyses related to ocean and river hydrodynamics are supported by 
the data obtained from the instrument (Dinehart & Burau, 2005; Guerrero et al., 
2014). ADCP data investigation and collection is conducted by validating non-
homogeneous numerical flow solutions (Harding et al., 2015). For model validation, 
comparison with simulated results was carried out with the data obtained from an 
ADCP at the site in this study as shown in Figure 4.2. The ADCP was deployed in 
three locations (river channel, deep water and shallow water) between 7th May 2010 
at 11:00 to 21st May 2010 at 13:30 for each location. The location of the ADCP 
deployment is determined by considering the river channel entrance as a whole 
including the river, the open sea, and the vicinity of the river channel entrance, for 
the purpose of model sensitivity tests. As for the measurement duration, this was 
decided according to the Guidelines for Preparation of Coastal Engineering Hydraulic 
Study and Impact Evaluation published by (DID, 2001). While it would have been 
better to have more deployment and prolonged duration, cost and time constraints 
are the determining factor. In this case, the deployment locations served the purpose 
of determining current speed, direction and water level in three different locations. 
As for the measurement duration, 14 days is sufficient to cover a full neap-spring 
tidal cycle, with other effects due to river flow and storm surge being considered 
unnecessary for the purposes of calibrating the model. 
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Figure 4.2  Location of ADCPs 
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4.3 Wind Conditions 
To include the regional effect of wind on the local current conditions, nowcast wind 
data were obtained from the Global Forecast System (GFS). The Global Forecast 
System (GFS) is a global numerical weather forecast model run by NOAA (National 
Oceanic and Atmospheric Administration, USA). Data (pressure and wind fields) were 
nowcast using a spatial resolution of 1°×1° at 3-hour intervals.  
Wind speed and direction measured at KKIA during the survey period were purchased 
from the Malaysian Meteorological Department to assess the effect of local wind 
conditions on current conditions. Time series of hindcast offshore wind data (speed 
and direction) were purchased from the GROW wind wave model as shown in Section 
3.2.2. 
In a nutshell, the GROW data forms an input to the boundary condition to generate 
offshore waves in the Wave model, while GFS data are input to the hydrodynamic 
model to include the wind effects in the hydrodynamic model. As for the KKIA wind 
data (airport adjacent to the site), these are used to enhance the accuracy of the 
local model mainly in the vicinity of the river channel entrance. Both GROW and GFS 
data are results from global numerical weather forecast models and are well suited 
for numerical model input purposes. 
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4.4 Tides 
For tidal forcing and verification of simulated water levels, data from the KMS global 
tide model and nearby tidal stations were used. 
The KMS global tide model is a database representing the major diurnal (K1, O1, P1 
and Q1) and semidiurnal tidal constituents (M2, S2, N2 and K2) with a spatial 
resolution of 0.25°×0.25° based on TOPEX/POSEIDON altimetry data. The data are 
mainly applicable in relatively deep water, i.e., in depths greater than 20m. 
Information on tidal variations at nearby stations was obtained from tide tables given 
by the UK Admiralty and the Royal Malaysian Navy. 
The main tidal observations were obtained using one submersible tide gauge (RBR 
TGR-1050) positioned at BRSO coordinates Lat: N 654467.526 Long: E 704401.545 
(Figure 4.4). The tide gauge was configured for one month of self-recording with 10-
minute intervals between observations. 
 
 
Figure 4.4  Tide gauge installed at Petagas River Channel Entrance (View from Sea) 
 
The location of the RBR TGR-1050 tide gauge was approximately 500m away from 
the river channel entrance. The tide gauge was tied to the Land Survey Datum and 
Chart Datum so that the observed data could be analysed to derive the possible 
harmonic constants and various tidal variations (HAT, MHHW, MLHW, MSL, MHLW, 
MLLW and LAT) 
Figure 4.3  RBR TGR-
1050 Tide Gauge 
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Figure 4.5  Diagram of connections between temporary benchmark, marking at pole and Sensor 
 
The tide gauge was deployed by attaching it to a pole inserted vertically into the 
seabed. The tide gauge was submerged approximately 1.794m below the surface, 
and pressure sensor was fixed at an offset of 0.3m from the seabed to prevent the 
sensor from being blocked by mud or silt. The end of the pole was levelled and tied 
into the survey control station; the purpose of doing this was to relate the tide gauge 
data to the Land Survey Datum (LSD). The reduced level (RL) of the transducer or 
pressure sensor related to LSD could be computed through direct reduction from the 
end of the pole to the sensor position. 
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4.5 River Discharge 
The industrial norm for collecting river discharge data makes use of discharge rating 
curves established upstream using a river gauge (Herschy, 2008). An alternative 
method is based on acoustic velocity measurements and is only installed in areas of 
interest and generally in developed countries. Whichever method used, the collection 
point of flow data are usually located upstream of the tidal limit to overcome 
methodological difficulties caused by tidal influence (Herschy, 2008)(Moftakhari et al., 
2013). A major shortcoming of this monitoring strategy lies in the uncertainties 
caused by possible freshwater additions and losses between the river channel 
entrance and the gauging station, which is usually located way upstream and away 
from the tidal limit. Hence to address this issue, correlation of discharge data derived 
from ADCP transects (directly measured at high or low tide or otherwise corrected 
for tidal flow) at Sungai Petagas and discharge data from Sungai Moyog is attempted.  
A river transect analysis approach for discharge as shown by a case study (Zhou et 
al., 2014) features an excellent representation of discharge flow analysis, where the 
spatial pattern of the neighbourhood riverscapes changes longitudinally from 
upstream to the river channel entrance. Therefore, the assessment of the maximum 
river discharge is based on the river cross-sections closer to the Petagas River channel 
entrance. As for the determination of the seasonal average discharge value, it is 
based on water level and discharge data obtained from DID at Sungai Moyog gauging 
stations upstream. The normal discharge value is taken as 41 𝑚3 𝑠⁄  for NE monsoon; 
40 𝑚3 𝑠⁄  for SE monsoon and 20 𝑚3 𝑠⁄  for Inter monsoon. The maximum discharge 
is 250 𝑚3 𝑠⁄ . These values are based on the gauge data upstream as well as the 
channel capacity of the Petagas River. 
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4.6 Sediment Properties 
Concentrations of suspended sediments measured in Sungai Petagas are found to 
vary significantly within a tidal cycle. During the flood tide, sediments brought into 
suspension at the shallow river channel entrance are transported into the river and 
sediments from upstream are temporarily stored due to the inflow from the sea. 
Sediments are flushed out during the ebb tide where higher concentrations in the sea 
are measured (sediment concentrations in the sea and river are in opposite phase). 
To assess sediment loads in the river (not affected by the tides) data were obtained 
from Alam Sekitar Malaysia (ASMA) at the Sungai Moyog station. The measured 
sediment concentrations vary with the seasons but show a surprisingly higher 
average concentration outside the monsoon periods where run-off from the 
hinterland is supposedly lower. The suspended sediment has irrespective of season 
been determined as having an average load of 25mg/l. This may be considered 
relatively low and does not include any contributions downstream of Sungai Moyog, 
but there are at present no data available to refine this figure.  
 
 
Figure 4.6  Sediment grab sample locations and mean grain size at the vicinity of the Petagas 
River Channel entrance 
 
Sediment sampler is collected using Van Veen Grab Sampler. The weight of the Van 
Veen grab is about 18 kg and suited to take large samples in soft river or sea beds. 
The long lever arms allow it to cut deep into softer bottoms. Grab sampling is 
sufficient in this case as opposed to a core sampler because only top soil sediment 
characteristic is needed for evaluation. 
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Hence, sediment grab samples have been collected and analysed for grain size 
distribution at different locations. These samples are collected and ultimately 
distributed into multiple fractions to better reflect the sediment properties in the 
vicinity of the river channel entrance. 
South of the river mouth, the mean grain size increases significantly towards the 
shore reflecting the effect of wave radiation stresses increasing inwards through the 
surf zone. The measured mean grain sizes and cross-shore profiles correlate well with 
the dynamic equilibrium beach/shoreface profile being a common guiding principle 
for shoreline change.  
 
4.7 Wave Conditions 
To demonstrate a well-represented model, a wave condition is required at the 
boundary. This will vary for different monsoon seasons. For determination of 
nearshore wave conditions for design and assessment of sediment transport 
capacities, long-term wave records are required. Since no long-term measurements 
are available near the site, nearshore wave conditions were derived through 
transformation of hindcast offshore wave data. Wave and wind data were obtained 
from the GROW wind wave model covering a period of forty (40) years.  
The GROW wave model is a global wind wave model based on reanalysis of wind 
field and assimilation to wave measurements. The model has a spatial resolution of 
0.625°×1.25° with wave and wind information given at three-hour intervals. The 
model is run by Oceanweather Inc, which is also a provider of metocean design data 
for deep water oil and gas fields in the South China Sea. The model does not include 
shallow water effects and is only applicable in relatively deep water, i.e. depths 
greater than 200m. 
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5 Methodology 
 
Figure 5.1 which is sub-categorised into Mapping and Conceptual Model, Reduced 
Complexity Model, Reductionist Model in which all of the three models is backed by 
Data and Data-driven Analysis. 
The reductionist model is mainly applied in the nearshore local model to describe 
hydraulics and to simulate sediment dynamics and the behaviour of proposed 
management works of the river channel entrance. The reductionist model is produced 
in a high-resolution grid with short time steps in order to accurately resolve flow 
patterns and sediment dynamics over spatial scales ranging from large parts of the 
local model down to the vicinity of the coastal environment of interest.  
The reason for these simplifications of models is to gain efficiency in computational 
time and resources with minimal sacrifice in model representation. These simplified 
models are to strike a balance in the model complexity spectrum where descriptive 
construction and intuitive simplifications is included over the hierarchy of natural 
process as opposed to high complexity model which constantly involves the 
topographic characteristics of a location.  
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Figure 5.1 Flow Diagram on Numerical Modelling Approach 
The overall methodology of this research is executed in 4 separate fields as shown between 
Section 5.1 - 5.4. 
 
Data and Data Driven Analysis 
• Raw Data 
• Seasonal Justification 
• Historical Bed Changes 
 
 
Mapping and Conceptual Model 
• GIS Mapping 
• Survey Mapping 
• Meshing 
• Conceptual Management 
Measures 
 
 
Reduced Complexity Model 
Regional Model (Open Sea) - Wave 
Generation at larger scale. MIKE 21 
SW Model 
 
 
Reductionist Model 
• Local Model - Hydrodynamic 
conditions at the immediate vicinity 
of the river channel entrance. 
• Model Sensitivity Tests. 
• Management Measures Model 
(Predictive Model)  
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5.1 Data and Data-driven Analysis 
Various data are gathered for the purpose of further assessment for Petagas River 
channel entrance research - the details of the primary data collected are elaborated 
in Chapter 4. The data gathered not only serve as model input but also function as a 
source for data-driven analysis which is further elaborated in this subsection. Which 
includes tidal regime analysis, seasonal wind pattern and offshore wave climate 
analysis and bed changes process. 
5.1.1 Tidal Regime Analysis 
Constant constituent and tidal planes for Kota Kinabalu Port are based on Malaysia 
Tide Table 2010 and are presented in Table 5.1 and Table 5.2. It is noted that the 
tidal planes defined in the tide tables have been computed and determined from 
thirteen (13) years of tidal observations. The tidal regime is mixed, mainly diurnal 
with one tidal cycle per day and F=2 as derived using in Equation 5.1 by (Lisitzin, 
1974). Diurnal Tides have one high and one low tide each day (Lisitzin, 1974). The 
term ‘mixed’ implies that there are two high tides and two low tides daily, but of 
unequal shape. This is further proven in Figure 5.2 by the generated time series of 
tidal levels in Kota Kinabalu, where there are five peaks and five lows in high latitude 
over a period of 5 days which balance out to be one tidal cycle per day, indicating 
mainly diurnal tides. The time series also indicates mixed tidal behaviour mainly 
occurs during neap tidal periods. This further enhances the tidal accuracy of the 
model. 
Constituents Amplitude 
M2 0.24 
S2 0.10 
K1 0.37 
O1 0.31 
Table 5.1  Constituent analysis for Kota Kinabalu Port base in Malaysia Tide Table 2010 
(Department of Survey and Mapping Malaysia, 2010) 
 
 
 
𝐹 =
𝐾1+ 𝑂1
𝑀2+𝑆2
 = 2 
 
Equation 5.1  
 
Name of Tidal Plane Abbreviation Tidal level (ref. to 
RMN Datum) 
Highest Astronomical Tide HAT 2.40 
Mean Higher High Water MHHW 2.13 
Mean Sea Level MSL 1.23 
Mean Lower Low Water MLLW 0.32 
Chart Datum CD 0.00 
Table 5.2 Tidal planes for Kota Kinabalu Port (Department of Survey and Mapping Malaysia, 2010) 
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Figure 5.2 Time series plot of simulated tidal level at Kota Kinabalu 
 
5.1.2 Offshore Wind Climate Analysis 
During the NE monsoon, offshore winds are generally from the NNE to NE sectors, 
whereas the winds during the SW monsoon are from the S to SSW sectors with 
slightly lower intensity. The monsoon winds are not very strong compared to ‘storm’ 
systems, but during the height of the monsoon and especially over the areas of open 
sea, the winds are relatively consistent for extended periods of time. This is reflected 
in the wave climate, the surface currents and variations in the mean sea level due to 
very large-scale wind set-ups. Outside the two monsoonal periods, there is little wind 
directionality or strength. Typical wind and pressure distributions over the South 
China Sea for the NE and SW monsoons are shown in Figure 5.3 and Figure 5.4; 
respectively. 
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Wind data used for the present study has been obtained from GROW at a location 
offshore Kota Kinabalu covering a period of 40 years from 1970 to 2009 (see Section 
4.3).  
 
 
Figure 5.3  Typical wind and pressure distribution in January from South China Sea Plot  
(GROW, 2009b).  
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Figure 5.4  Typical wind and pressure distribution in July from South China Sea Plot  
(GROW, 2009b). 
 
The offshore hindcast wind data reveal that the wind conditions in the vicinity of the 
study area (and offshore) are strongly influenced by the Northeast (NE) and 
Southwest (SW) monsoon seasons. Wind conditions offshore of Kota Kinabalu clearly 
show the monsoon patterns.  
The offshore wind conditions are governed by the Northeast (NE) and Southwest 
(SW) monsoon seasons with a magnitude of 10-14m/s. Typically, the Northeast (NE) 
Monsoon season is from December to March and the Southwest (SW) monsoon 
season is from June to October. April to May and November are known as transition 
periods. Figure 5.5 and Figure 5.6 shows the monthly wind rose in terms of wind 
intensity (speed given in m/s) and direction (coming from) based on 40 years of 
hindcast data.  
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Figure 5.5  Monthly wind roses (January to June) based on hindcast data (1970 - 2009) 
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Figure 5.6  Monthly wind roses (July to December) based on hindcast data (1970 - 2009) 
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5.1.3 Offshore Wave Climate 
The offshore waves in the study area are primarily generated by the South China Sea 
monsoon winds as discussed in Section 6.1.1. The directional distributions of the 
offshore waves are therefore quite similar to the distributions of the offshore winds.  
 
 
Figure 5.7  Monthly wave roses (January to June) based on hindcast data (1970 - 2009) 
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Figure 5.8  Monthly wave roses (July to December) based on hindcast data (1970 - 2009) 
 
Wave roses for the whole 40-year data set for each month from January to June and 
from July to December are shown in Figure 5.7 and Figure 5.8; respectively. The 
overall pattern in the month-to-month wave directions are related to the dominant 
directions of the monsoon winds. 
It can be seen in Figure 5.7 and Figure 5.8 that larger waves approach from north-
easterly directions (November to March) and are associated with the Northeast 
monsoon. Weaker waves, approaching from south-westerly directions, can also be 
seen (June to October) corresponding to the Southwest monsoon. 
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a  
b  
c  
Figure 5.9  Offshore wave energy distribution as a function of significant wave height (a), peak 
wave period (b) and mean wave direction (c). 
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Figure 5.9 shows the wave energy distribution as a function of significant wave height, 
peak wave period, and mean wave direction. The values represent the contribution 
to the time-averaged wave energy calculated over the entire period covered by the 
data. It shows that 75% of the wave energy carried by wave height varying from 
0.2m to 1.4m. The peak wave period from 5s to 8s carries around 50% of the energy. 
Mean wave direction is governed mainly by the NE monsoon, with directions from 
15oN to 60oN and during the SW monsoon directions from 215oN to 270oN.  
From this data driven analysis, the influence of the SW monsoon in the vicinity of the 
river channel entrance is felt between June to October, and the NE monsoon occurs 
between November to March. This is somewhat at odds with the general statement 
by (Malaysian Meteorological Department, 2008) in which the start and end are a 
month earlier during the SW monsoon. 
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Figure 5.10  Comparison of bathymetric surveys from year 2006 (top left), 2009 (top 
right) and 2010 (bottom). 
5.1.4 Bed-Changes Process 
The construction and extension of the runway for KKIA and related construction 
activities, as demonstrated in previous chapters have significant impacts on both the 
coastline and the Sungai Petagas River channel entrance. 
Using the data-driven analysis method, comparison of bathymetric surveys for the 
river channel entrance carried out in year 2006 and 2009 with the bathymetric and 
topographic survey from year 2010 shows that the river channel entrance has 
changed significantly since the works for extension of the runway commenced as 
described in Figure 5.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
As shown in Figure 5.10, the significant changes to the depth contours in the red box 
area are mainly due to the changes in current conditions caused by reclamation for 
the extension of the runway. It is worth noting that comparing the year 2009 and 
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2010, the changes are notable and cannot be explained by natural causes and must 
therefore be ascribed to dredging activities. As a result of the runway extension, the 
river channel entrance has become very shallow with a sand bar stretching 
approximately 200m southwards from the runway reclamation. Significant accretion 
has also occurred along the southern river bank close to the tip of the headland. 
 
Figure 5.11  Changes in bed levels at the river channel entrance from 2006 to 2010 
 
The surveys have further been used to estimate the bed level changes and 
transported sediment volumes within the vicinity of the river channel entrance. The 
estimated bed level changes are shown in Figure 5.11 with areas denoted A to F used 
for estimation of sediment volumes. The volume extracted at the sand spit (Area E) 
is estimated at 63,000m3, not including natural backfilling since the dredge. The 
changes to the depth contours (Area B) have resulted in a deepening corresponding 
to a volume of approximately 17,000m3, probably deposited within the river channel 
entrance. The estimated deposition within the river channel entrance (Areas A, C, D 
and F) amounts to a total of 280,000m3 of which probably 80-100,000m3 was 
deposited along the southern river bank (Kuala Petagas) since the sand spit was 
removed as a result of changes in flow orientation from the river discharge. The 
accretion is belived to have occurred in zones A & D, which are sheltered from the 
wave action. This is also further proven by the model in Figure 6.16c and satellite 
image in Figure 6.17 as described in Section 6.3.2.2.2. 
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5.2 Mapping and Meshing. 
Mapping, in this case, is done using GIS where a further understanding of the 
topographic nature of the river channel entrance can be understood as previously 
described in Section 2.5.1. This enables a graphical representation of the 
geomorphological nature of the research area. Mapping also functions as a valuable 
input (Bathymetry Study) before meshing is carried out. Mapping is also necessary 
to propose and analyse the potential mitigation measures suggested as shown in 
Section 5.4.3 to enable a graphical presentation.  
The survey area covers approximately 1.4km along the length of the Petagas River. 
It begins from 400m upstream after the bridge, crossing towards the downstream to 
the Petagas River channel entrance and then extends seawards on the left towards 
Contoh Village (approx. 6.5km x0.5km). The echo sounder was calibrated at the start 
and end of each day's work when sounding was required. The calibration method 
known as 'Bar Check' was carried out using a circular bar plate attached to a 
measured length of chain. The bar-check calibration was to account for the daily 
variation in acoustic velocity propagation through the water column. The bar was also 
used to check the echo sounder's transducer draft to make sure the echo sounder 
accuracy is in good condition throughout the duration of the hydrographic survey 
work.  
The spacing of the survey lines along the Petagas River is at 200m intervals. The 
survey lines connecting the profiles were not parallel to the riverbanks but 
approached the riverbanks at an oblique angle. The spacing between the survey lines 
at the offshore are approx. 100m-300m intervals, depending on the location of the 
survey line. The area that covered in the survey with the length is approximately 3km 
to Tanjung Dumpil and 3km towards the edge of the airport runway. The sounding 
data are fixed at an interval of 10m length. The sounding lines were designed 
perpendicular to the beach and river banks. 
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As for the river topographic survey, detailed survey work was carried out 1.4km inland 
from the river channel entrance. From the river channel entrance, shoreline profiling 
survey work has been started towards the Tanjung Dumpil on the left, and from river 
channel entrance until Tanjung Aru on the right. The survey work was started based 
on a good and proper planimetric traverse datum and height control at the site. The 
planimetric datum relies on the proper old mark, and the height datum is based on 
the BM SA 2130 (RL 2.815m). The accuracy of planimetric control is better than 
1:8000 and the height not more than 1:0.02√𝑘  where k is total distance as specified 
in the survey regulations. Height datum from BM SA 2130 is transferred to the control 
point and TBM in the study using the levelling method. Meanwhile during the 
topography and shoreline profiling survey work, height datum is transferred from one 
station to another by tachymetry method together with survey traversing. 
Meshing is carried out by achieving a sufficiently high spatial resolution for nearshore 
sediment transport modelling at a reasonable computational run; the numerical wave 
transformation is performed in two stages. The GIS approach for this coupled system 
is an intricate process that requires bathymetry data from official sea charts using C-
MAP and detailed site survey data for nearshore site for the generation of denser 
mesh for better model accuracy. The bathymetry and mesh used for the 
transformation of waves from offshore are shown in Figure 5.12 and Figure 5.13. For 
nearshore wave modelling a higher spatial resolution is required and a local and more 
detailed model is used to transform the waves from deeper water (40m MSL) to near 
shore. Figure 5.12 shows an overview of the bathymetry and unstructured mesh 
applied for the finer local model, with detailed views for the near shore of Sungai 
Petagas River channel entrance shown in Figure 5.13.  
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Figure 5.12  Overview of Model Mesh Area 
 
  
Depth 
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Figure 5.13  Local Model Mesh Area 
 
Figure 5.12 and Figure 5.13 shows the meshing condition from the ocean boundary 
to the river. In general, there are five types of mesh density as categorised by area 
1, 2, 3, 4 and 5. Mesh in area 1 accepts the input from the boundary and feeds into 
area 2 and gradually transfers the computing input parameter to area 3 and 4 which 
is also considered as the transition zone. Mesh in area 1, 2, and 3 are considered 
coarse compared to the rest.  Area 5 is considered to be the most critical area as it 
is the river channel entrance where the ocean flow meets the river flow, hence a fine 
mesh is used to provide accuracy. Apart from that, a refined mesh can also be found 
in area 4 or in those areas where any variability in bathymetry is critical to the 
outcome. 
 
  
Depth 
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5.3 Reduced Complexity Model 
The regional model wave generation is carried out for the purpose of wave 
transformation to well represent wave characteristics into the reductionist model in 
the later stage. The model simulates the wave propagation from deep water to 
nearshore areas. The wave condition for this research is generated using the MIKE 
21 SW spectral wave model as elaborated in Section 2.1. 
 
In a nutshell, the spectral wave model is built using mapping and meshing of the 
model domain data from Bathymetric Survey Data elaborated in Section 4.1 and using 
the mapping and meshing method as mentioned in the previous chapters. Then, the 
GROW data are input as the boundary condition to generate offshore waves in the 
Wave model and transferred to the model as elaborated in Section 4.7. 
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5.4 Reductionist Model 
 
5.4.1 Hydrodynamic Modelling 
The prevailing hydrodynamic conditions in the vicinity of the river channel entrance 
are of importance for understanding the subsequent hydrodynamic and 
morphological impacts for pre-existing and post management measures. The 
hydrodynamic conditions for this research are obtained using the MIKE21 HD flexible 
mesh modelling system as mentioned in Section 2.2. 
5.4.1.1 Model Calibration Parameters 
To ensure the tidal variation and current conditions are predicted accurately within 
the model domain, the model is calibrated against tidal stations along the north-west 
coast of Sabah.  
Figure 5.14 shows the locations of relevant published tidal stations within the regional 
model. The outcome of the calibration is shown in Section 6.2.1. 
  
 
 
Figure 5.14  Locations of calibrated tidal stations within regional model 
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During the calibration process, model parameters considered are as follows: 
Bed Friction 
The MIKE21 hydrodynamic model is governed by the depth-integrated Navier-Stokes 
equations subject to the shallow water assumptions and Reynolds-averaging of sub-
grid scale turbulence. In the governing equations, a Manning formulation of bed 
friction is adapted and the drag coefficient highlighted by (DHI b, 2007) 𝐶𝑑  is 
expressed in Equation 5.2 below as; 
 
𝐶𝑑 =
𝑔
𝑀2ℎ
1
3⁄
 
 
 
Equation 5.3  
Where g is gravitational acceleration; h is the depth of the waterbody; M is the 
Manning Number (the Manning Number is also seen in the literature as n=1/M). The 
Manning Number is well known in both traditional as well as numerical hydraulics. 
For the MIKE21 hydrodynamic model, the relationship with Nikuradse bed roughness 
length can be estimated from the Manning number using Equation 5.4 (DHI b, 2007). 
 
𝑀 =
25.4
𝑘𝑠
1 6⁄
 
 
 
Equation 5.5  
 
Where 𝑘𝑠 is the surface roughness height, Nikuradse’s equivalent sand roughness.  
 
Due to the large water depth, the bed resistance is of relatively little importance 
and a constant Roughness height value of 0.05 (mm) has been applied throughout 
the model area. This equates to a constant value of Manning’s M of 41.8, which is 
input into the model as shown in Figure 5.15. 
 
 
Figure 5.15  MIKE 21 Flow Model FM, Hydrodynamic Module: Bed Resistance 
 
 
Attempts have been carried out to further prove the relevance of the Manning number 
input (bed friction) compared to the tidal level outcome and it is proven to be 
irrelevant as far as tidal level is concerned (Table 5.3): 
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Manning Number input RMSE in Tidal Level 
35 7.8 % 
40 7.8 % 
41.8 7.8 % 
45 7.8 % 
Table 5.3  RMSE Water Level Comparison to Kota Kinabalu Tidal Station 
 
Eddy Viscosity 
In most hydrodynamic models the turbulence closure problem, resulting from the 
Reynolds averaging of the Navier-Stokes equations over the water column to yield 
the depth integrated St. Venaint equations, is solved through the Boussinesq eddy 
viscosity concept relating the Reynolds’ stresses to the mean velocity field. In this 
manner, the problems of describing the turbulent fluctuations are transformed into a 
description of an eddy viscosity. 
It is essential to understand that in a numerical model classical turbulence is only one 
of several processes with similar behaviour and characteristics. In the discrete world, 
processes that are not resolved by the adopted grid are typically called sub-grid scale 
processes. In analogy similar to that for turbulent fluctuations, these processes lead 
to terms similar to the eddy viscosity. Often all these terms are lumped together into 
one (eddy) formulation. 
The eddy viscosity, E, varies in time and space and depends on the changing flow 
features. It is calculated by the Smagorinsky formulation in each grid point and at 
each time-step by (Smagorinsky, 1963): 
After a few attempts the constant Cs was obtained as per Table 5.4: 
Cs Value  RMSE in Tidal Level 
0.2 8.4 % 
0.24 8.0 % 
0.28 7.8 % 
0.3 8.2 % 
Table 5.4  RMSE Water Level Comparison to Kota Kinabalu Tidal Station 
 
Therefore, the constant used in the Smagorinsky formulation is set to be Cs = 0.28, 
as this resulted in the lowest variation. This figure has been used extensively in many 
well-calibrated MIKE 21 hydrodynamic models. This constant apart from being 
recommended by DHI Water and Environment (DHI b, 2007) is also used widely in 
various numerical modelling endeavours such as (NINGSIH et al., 2011) on modelling 
of flooding due to tidal influence along the Coast and  on nearshore modelling for 
tsunami runup modelling (LESCHKA et al., 2009); all which were applied to modelling 
approaches in this region. 
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This input is applied in the model as Horizontal Eddy Viscosity as shown in Figure 
5.16 : 
 
Figure 5.16  MIKE 21 Flow Model FM, Hydrodynamic Module: Eddy Viscosity (Horizontal) Constant 
Value Input 
 
This has become the basis for hydrodynamic modelling and is validated with two 
different sets of current data measured around the vicinity of the river channel 
entrance using ADCP. The integrity of the outcome is then assessed using the RMSE 
method as further expound in Section 6.2.2 
Wind Friction 
The wind friction in relation to wind speed is input as linear variation between 
0.001255 at 7 m/s and 0.002425 at 25 m/s which is the recommended value 
according to the model (DHI e, 2012). Although detailed studies have been carried 
out concerning wind friction, none has been proven to be relevant to this region as 
there are no proven wind friction data sources (Peng & Li, 2015; Port & Engineers, 
2009; Sokolov & Chubarenko, 2012; Soon, 2009; Urlburt, 2007). 
The wind friction value is kept as the recommended value as shown in Figure 5.17 
as there is limited availability of wind data in this region. 
 
Figure 5.17  MIKE 21 Flow Model FM, Hydrodynamic Module: Wind Friction 
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5.4.1.2 Model Verification 
Model Verification is the process where model predictions are then compared to 
measurements of separate and independent periods with different conditions. When 
the processes are justified, the model is able to reproduce a reasonable prediction of 
water levels and currents in different seasons and to predict various mitigation 
measures. 
For verification purposes, water levels and currents have been measured near Sungai 
Petagas River channel entrance (seaward of the reclamation for the runway extension 
of Kota Kinabalu International Airport) and upstream of the river channel entrance 
location as shown in Figure 4.2 previously. This configuration allows a comprehensive 
coverage of location coverage to be achieved. In this case the elements are the 
deeper sea, the dynamic river channel entrance and the river serving as a discharge 
conveyance for the upper catchment. The outcome of the calibration is shown in 
Section 6.2. 
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5.4.2 Sediment Dynamics Model 
The main sediment material of concern here is fine sediment, because the surveys 
have shown this to be the prevailing sediment class. The behaviour of fine sediment 
brought into suspension and deposition by mitigation measured have been simulated 
using MIKE21 MT (Mud Transport), which is a multifraction cohesive sediment 
transport model that describes the processes of erosion, transport and deposition of 
mud or sand/mud mixtures under the influence of currents and waves. This is further 
elaborated in Section 2.7. The model operates interactively with the aforementioned 
developed hydrodynamic model and includes the temporal and spatial effects of wave 
conditions determined by the developed wave model. This modelling method adopted 
is known as coupling. 
The key input for MIKE 21 MT is the distribution of sediment into three fractions. 
These include coarse (fines), medium (fines) and fine (fines) with mean sediment 
size of 0.08mm, 0.04mm and 0.007mm respectively, according to the distribution 
curve. This is according to grab sample tests results; the sediment is categorised as 
loam with almost equal distribution between 3 fractions. The other important input is 
the sediment load, which has been determined by the average of 25mg/l based on 
data obtained from the Alam Sekitar Malaysia (ASMA), a local authority administrating 
the Moyong river station upstream. 
Sedimentation was represented over a full neap-spring tidal cycle for NE and SW 
monsoon periods in the evaluation of the existing condition and the selected 
management measures, which is further described in Section 6.3.2.2. 
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5.4.3 Conceptual Layout Consideration 
Various conceptual layouts for river channel entrance management works are 
assessed based on local management policies prior to a more detailed investigation 
of a preferred layout. These were proposed in the interests of improving the local 
environment and the livelihoods of local people. 
 
Figure 5.18  Detailed view of bathymetry for the existing condition in the vicinity of the river 
channel entrance. 
 
A detailed view of the existing river channel entrance conditions for Sungai Petagas 
is shown in Figure 5.18, and five (5) conceptual layouts for improvement work are 
shown in Figure 5.19 to Figure 5.23. A dredged channel without any training 
structures to improve the flushing capacity through the river channel entrance has 
proven to be inefficient in the long-run due to the historical high deposition rates and 
not been considered as a viable solution. The presented layouts are conceptual in the 
sense that they do not consider depth requirements, length of training structures and 
breakwaters, orientation of artificial beaches and terminal structures. Hence, the 
channel depth is determined by the natural depth at the seaward end of the training 
structures. However, the conceptual layouts allow for an assessment of the different 
impacts of the sediment transport and sediment deposition, which has to be 
considered for a workable long-term solution to improve flushing capacity and 
ultimately reduce the risk of upstream flooding and to improve the navigational 
conditions. The five conceptual layouts assessed are described below:  
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Figure 5.19  Detailed view of bathymetry for proposed layout 1 for river channel entrance 
improvement works (brown area indicates land to be reclaimed). 
 
I. Layout 1 as shown in Figure 5.19. Diversion of existing river channel entrance 
with training utilising the existing revetment at the end of the runway 
reclamation. The newly diverted channel is dredged to -2mCD. The area south 
of the trained channel to be reclaimed forming a natural northward extension 
of the beach.  
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Figure 5.20  Detailed view of bathymetry for proposed layout 2 for river channel entrance 
improvement works (brown areas indicate land to be reclaimed) 
 
II. Layout 2 as shown in Figure 5.20. Training of the river channel entrance 
maintaining the natural orientation of the river channel entrance with channel 
dredged to -1mCD. The training requires revetments to be constructed along 
both river banks. Reclamations are to be constructed towards the airport and at 
the western part of Kg Contoh.  
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Figure 5.21  Detailed view of bathymetry for proposed layout 3 for river channel entrance 
improvement works (brown areas indicate land to be reclaimed). 
 
III. Layout 3 as shown in Figure 5.21. Partial training of river channel entrance to 
enhance sediment by-pass toward the north. River channel entrance 
maintaining the natural orientation of the river with channel dredged to -1mCD. 
Involves protected reclamations immediately south of the runway reclamation 
(round shaped) and at the western part of Kg Contoh. 
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Figure 5.22  Detailed view of bathymetry for proposed layout 4 for river channel entrance 
improvement works (brown areas indicate land to be reclaimed). 
 
IV. Layout 4 as shown in Figure 5.22. Training of river channel entrance maintaining 
the existing river channel alignment with protective breakwaters and dredged 
to -2mCD. Involves training of river channel entrance similar to Layout 2, but 
with the construction of protective breakwaters and training walls. 
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Figure 5.23  Detailed view of bathymetry for proposed layout 5 for river channel entrance 
improvement works (brown areas indicate land to be reclaimed). 
 
V. Layout 5 as shown in Figure 5.23. Training of river channel entrance with 
revetments and training wall extended to -3mCD to avoid sediments discharged 
from the river to deposit at the entrance. Involves training of river channel 
entrance similar to Layout 2, but with an orientation perpendicular to the depth 
contours. 
 
The detailed outcomes for the waves, currents, and sedimentation in the existing and 
all the proposed layouts are given in Section 6.3.3. 
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6 Outcome and Analysis for Engineering and Management 
Solutions. 
 
This chapter will focus on the results of the verified model and the interpretation of 
various results as shown in each of the following sections. 
There are three sections in this chapter; Section 6.1 deals with the existing 
morphodynamic condition of the Petagas River channel entrance which includes wave 
changes and the data-driven analysis to show the historical bathymetric bed changes. 
Section 6.2 shows the outcome of the model sensitivity test where calibration and 
verification is done according to the correlation between two different sets of 
measured data, namely tidal stations and ADCP data from the vicinity of the site. 
With the verified model, various management solutions are then assessed and 
determined based on the modelling outcome. Section 6.3.3 contains a determination 
of the crest level of the relevant structures based on data-driven analysis. 
6.1 Existing Morphodynamic Conditions 
6.1.1 Wave Conditions 
Wave climate is one of the important factors determining the complex behaviour of 
sandbar and coastal morphology (Hsu et al., 2006; Yin et al., 2012). Wave 
transformations for typical NE and SW monsoon conditions generated from MIKE21 
SW are shown in Figure 6.1a and Figure 6.1c, with detailed wave fields near shore 
shown in Figure 6.1b and Figure 6.1d. 
From the figures, most of the offshore waves are from the north-north-east (NNE) 
and the west-south-west (WSW), (associated with the monsoon seasons). In general, 
the largest waves approach from a north-easterly direction. Wave refraction causes 
the waves to become increasingly perpendicular to the depth contours in shallower 
water as the waves propagate towards the shoreline. The wave heights reduce near 
the coastline due to the effects of wave breaking and bottom friction. Figure 6.1a 
clearly illustrates the effects of diffraction, refraction and sheltering for offshore 
waves from northerly and north-easterly directions, resulting in reduced wave 
penetration into nearshore areas. Also, during the NE monsoon, refraction and 
sheltering change the predominant wave direction from NNE to westerly towards the 
shoreline, resulting in a more direct exposure to severe waves. A minor shoaling 
effect can be seen during both monsoons.  
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 Figure 6.1  (a) Overview of transformation of waves from offshore to nearshore for typical NE 
monsoon condition (b) Detailed view of the transformation of waves from offshore to nearshore 
for typical NE monsoon condition (c) Overview of transformation of waves from offshore to 
nearshore for typical SW monsoon condition (d) Detailed view of transformation of waves from 
offshore to nearshore for typical SW monsoon condition. 
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The shallow water in the vicinity of the river channel entrance affects the propagation 
of waves and the wave conditions at the river channel entrance vary with the water 
levels over a tidal cycle. These effects are included in the simulations by modelling 
the transformation of waves from offshore as shown in the first half of this chapter 
with the water level varying according to the tide. Results of the wave simulations 
are presented in Figure 6.2 to Figure 6.5 showing local wave fields for high water 
levels and low water levels during both NE and SW monsoon conditions. 
 
Figure 6.2  Overview of existing wave pattern for high (left) and low (right) tide during NE 
monsoon. 
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Figure 6.3 Existing wave pattern at vicinity site for high (left) and low (right) tide during NE 
monsoon. 
 
 
Figure 6.4  Overview of existing wave pattern for high (left) and low (right) tide during SW 
monsoon. 
 
Numerical Modelling Approach for the Management of 
Seasonally Influenced River Channel Entrance 
 
111 
  
 
Figure 6.5  Existing wave pattern at vicinity site for high (left) and low (right) tide during SW 
monsoon. 
 
In the wave simulation outcome as demonstrated in Figure 6.2, from the colour scale 
it can be seen that the largest offshore waves approach from the NE direction. Large-
scale diffraction can be seen around the island to the north of the shore, as a result 
of the change of wave direction from the NNE to NW landwards of the island. The 
significantly lower wave exposure landwards and the vicinity of the river channel 
entrance during the NE monsoon period is due to the Sheltering of a string of islands 
(Pulau Gaya and Tunku Abdul Rahman Marine Park) as shown in Figure 6.2. The main 
reason to include the tide in this wave comparison is for the demonstration of the 
effect of water level, which has a marked influence on the wave conditions with more 
wave energy penetrating to the nearshore area during high tide conditions. The 
significant wave height at the river channel entrance is approximately 0.7m during 
high tide NE monsoon period, while higher significant wave heights of 0.9m are 
observed during high tide SW monsoon period as compared to low tide periods for 
both monsoon periods.  
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6.2 Model Calibration and Verification Outcome 
6.2.1 Model Calibration 
Figure 6.6 shows a time series comparison between the simulated and predicted 
water levels for four tidal stations around the study area as shown in Figure 5.14 in 
Section 5.4.1.1. The simulations reproduce the predicted tides well along the 
modelled coastlines and are capable of capturing well both the tidal amplitudes and 
phases at the tidal stations. 
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Figure 6.6  Comparison of predicted and simulated timeseries for the 4 tidal stations namely Pulau 
Mantani Besar, Pulau Mangalum, Kota Kinabalu and Kuala Papar 
 
Numerical Modelling Approach for the Management of 
Seasonally Influenced River Channel Entrance 
 
114 
  
6.2.2 Model Verification  
During the period where current measurements were performed, strong winds and 
heavy rain were reported, which affected the current conditions at the site.  
Measured and simulated water levels, current speeds and directions at locations 
seaward of the reclamation and in the river are compared in Figure 6.7 to Figure 6.9. 
For the seaward locations, the water levels are reproduced well during both neap and 
spring tides. The measured current speed is seen to be low at both locations as shown 
in Figure 6.7 (ADCP 1) and Figure 6.8  (ADCP 2) with a strong influence of wind and 
little directionality due to the tide. Therefore, the accuracy in reproducing the current 
conditions with a forcing by tide and river discharge alone will be affected. Hence, 
local wind measurements from the airport given by hourly mean wind speed and 
direction have been applied, unfortunately with little success. The hourly mean wind 
speed is very low (for longer periods around 2 m/s), and little correlation is found 
between wind and current directions. In the vicinity of the river channel entrance, 
The current velocity is influenced by the discharge of the river and is governed by a 
narrow channel that directs the discharge over the river channel entrance tidal flat. 
A comparison between the current speed measured in the river and the simulated 
results is shown in Figure 6.9. From the comparison, it is noted that the model is able 
to accurately simulate the water level and current speed, as well as to capture the 
effect of high discharge following a period of heavy rainfall on 02 August - 21:35 at 
peak velocity. The measured current directions are not bi-directional (as expected in 
a river) and significant cross currents are observed. The cross currents are ascribed 
to helical flow conditions due to river bends situated near to the measuring station 
and the uneven bathymetry of the shallow river.   
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Figure 6.7  Comparison of measured and simulated current at ADCP 1 (deep water) 
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Figure 6.8  Comparison of measured and simulated current at ADCP 2 (shallow water) 
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Figure 6.9  Comparison of measured and simulated current and water level in the river 
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ADCP ID RMSE 
(Current 
Speed) 
Criteria RMSE 
(Current 
Direction) 
Criteria RMSE 
(Water 
Level) 
Criteria 
ADCP 1 15% 30% 49.06° 45° 9.4% 10% 
ADCP 2 14.8% 30% 56.43° 45° 8.7% 10% 
ADCP 3 7.8% 30% 8.3° 45° 8.9% 10% 
Table 6.1  Root Mean Square Error (RMSE) of simulated and measured current speed, direction 
and water level.  
 
Table 6.1 shows the statistical analysis outcome of the difference between measured 
and simulated results. All the criteria fall well within the tolerable limits according to 
the local hydraulic study guidelines (DID, 2001), except for Wind direction (not shown 
in the table) which did not fully meet the range criteria. This may be due to the site-
specific challenges, which from a modelling perspective include: 
• With the current field being wind-dominated, the current model is susceptible to 
any errors or resolution issues in the wind and pressure fields.  
• The currents are dominated by non-tidal effects driven by a combination of 
regional wind and pressure systems driving ocean circulation in the South China 
Sea, often opposing local winds. 
• The complex bathymetry at the edge of the continental shelf with large depth 
gradients combined with the local rugosity of the coral reef itself, surrounded by 
deeper channels. This leads to complex flows where currents are magnified by 
the transition from the deep ocean up over the continental shelf, combined with 
local channelling and sheltering effects by the reef. 
To capture these effects, a 3D modelling approach covering a larger scale should be 
adopted, but this is not described here. 
For a site with the present complexity especially with a rapidly changing bathymetry, 
the model is considered to perform well as it generally captures both the magnitudes, 
directions and variations over the depth well. In terms of the application of the model 
to assist the mitigation measures in decision making, the key is that the model can 
capture the correct range of current magnitudes and overall directional patterns, 
which will determine the location of sedimentation and areas at risk. This is seen to 
be the case, and by considering climatic scenarios for the modelling that includes net 
current flows in all the key directions and a range of magnitudes, it is ensured that 
the model predicted sedimentation and impacts are conservative. On this basis, the 
modelling tool is considered fit for purpose. 
It is stressed that this calibration is done based on hydrodynamics aspect only and it 
is not within the scope of the work to carry out a full-on calibration and verification 
works with regards to the morphodynamics and wave climate.  
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6.3 Conceptual Layout Consideration Outcome 
Various conceptual layouts for river channel entrance management works as 
elaborated in Section 5.4.2 are assessed and verified with the local regulation as 
elaborated in Section 2.8 before more detailed investigations of a preferred layout is 
carried out. 
As highlighted before, the verified model in Section 6.2.2 is then used as a predictive 
model to assess the various conceptual layouts. The model platform used for 
modelling of the conceptual layouts is a coupled flexible mesh (FM) model that helps 
to simulate the mutual interaction between waves and currents using a dynamic 
coupling between the hydrodynamic (HD) and spectral wave (SW) modules. The 
model has direct input to the mud transport (MT) module with a complex formulation 
for combined wave and current actions used to derive the bed shear stresses and the 
amount of sediment in suspension and transported as bed load. 
To run the model information on wave heights, periods, mean directions and 
directional spreading are required for derivation of the so-called radiation stresses, 
which are included in the hydrodynamic model together with the “normal” driving 
forces for tides and winds to include the wave driven currents and water levels. Thus 
the model simulated the combined wind, wave and tidal driven water level and 
current fields. The model has a very detailed local mesh that properly resolves the 
surf zone and the processes in the vicinity of the river channel entrance.  
 
6.3.1 Wave Condition Comparison 
Outputs from the detailed wave model primarily consist of radiation stresses that are 
used as inputs to the current model. The radiation stresses are responsible for driving 
the longshore (wave-driven) currents in the surf zone in the near shore reductionist 
model. 
Figure 6.10 shows wave patterns for the existing condition and the five conceptual 
layouts for high tide during a typical NE monsoon period, while Figure 6.11 shows 
the wave patterns during a typical SW monsoon period. 
According to Figure 6.10 and Figure 6.11, the reclamations and revetments proposed 
in the layouts will protect Contoh Village from direct wave exposure. The relatively 
wide entrance in Layout 3 results in a wave pattern that is not much different from 
the existing conditions. With the presence of breakwater in layout 4, wave 
penetration into the river is significantly lower compared to other layouts, and this is 
beneficial to avoid sedimentation resulting an improved river discharge. Some kind 
of positive ‘feedback’ loop may then be possible due to the resulting increased scour 
caused by the higher discharge. 
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Figure 6.10  Detail view of wave pattern comparison between existing condition and conceptual 
layouts during NE monsoon at high tide. 
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Figure 6.11  Detail view of wave pattern comparison between existing condition and conceptual 
layouts SW monsoon at high tide. 
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6.3.2 Management Solution Chosen 
As previously discussed, the main objective of this research is to validate a numerical 
model of sedimentation in the Petagas River channel entrance by assessing the 
effectiveness of introducing a set of proposed improvement works, aimed at 
minimising the dynamic sedimentation behaviour caused by inter-annual climate 
variations in the monsoon seasons. 
For the purpose of proposing a solution that is practical and adaptable various layouts 
are assessed, and layout 4 is selected as the preferred solution as it is a solution that 
will comply with the local policy as discussed in Section 2.8. The major requirement 
for local policy makers is a management solution that allows a sufficient discharge 
through the entrance throughout the two monsoon seasons; this will then solve the 
upstream flooding issue. The proposed management solution should allow continuous 
access through the river channel entrance for both large and small scales of fishing 
craft, thereby helping to sustain the local economy. This layout is advantageous in 
terms of solving the current issues, and it will in the long term provide opportunities 
for local development. 
Coastal structures commonly lead to detrimental coastal impacts in the vicinity. 
Designated improvement works with minimum impacts on the coastal environment 
are thus preferred in this setting   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12  Management measures proposed for Petagas river channel entrance by 
maintaining the existing river channel alignment with breakwaters (Google Maps, 
2009) 
Contoh 
Village 
Airport 
Runway 
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The layout shown in Figure 6.12 involves the training of the river channel entrance 
to follow the natural alignment of the access channel. The training requires 
revetments to be constructed along both river banks as well as around the existing 
sand spit and seawards. Reclamations are being carried out to extend the airport to 
the south and also along the western side of Contoh Village. Breakwaters are to be 
constructed, and the main channel will be dredged. 
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6.3.2.1 Hydrodynamic conditions 
The instantaneous flood and ebb tide currents under different seasonal conditions 
are shown in Figure 6.13 and Figure 6.14, for the existing case and after the proposed 
improvement works. Comparing these figures allows an assessment to be made to 
improve the effectiveness of the works for the different modelled conditions.  
a 
 
b 
 
 
c 
 
 
d 
 
 
Figure 6.13  Current speed and direction for NE monsoon for (a) existing case during flood tide 
conditions (b) following improvement works during flood tide conditions (c) existing case during 
ebb tide (d) following improvement works during ebb tide. 
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Figure 6.14  Current speed and direction for SW monsoon for (a) existing case during flood tide 
conditions (b) following improvement works during flood tide conditions (c) existing case during 
ebb tide conditions (d) following improvement works during ebb tide conditions. 
  
Numerical Modelling Approach for the Management of 
Seasonally Influenced River Channel Entrance 
 
126 
  
The current direction is seawards, reflecting the direction of the monsoon, as shown 
in Figure 6.13 and Figure 6.14. The river current is high during ebb tide conditions 
(Figure 6.13c, d and Figure 6.14c, d) with a difference of about 50% in terms of flow 
velocity compared with flood tide conditions (Figure 6.13a, b and Figure 6.14a, b). 
The flow patterns in the vicinity of the proposed improvement works are generally 
smooth, with minimal differences between the two sets of figures in the immediate 
vicinity of the works, where eddies are generated downstream of the structures. The 
flow patterns in the trained channel, the breakwater basin and the channel entrance 
are found to be smooth, with limited transverse currents and merely weak eddy 
formations (Figure 6.13b, d and Figure 6.14b, d). 
Eddies are easily formed in the basin during flood tide conditions; however, the eddies 
are weak and not significant for navigation. The improvement works, therefore, 
provide an easily navigable access channel into the river. 
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6.3.2.2 Sediment Dynamics 
The main sediment source is from the Moyong catchment upstream. The changes in 
land use due to development have caused an increase in sediment load in the channel, 
which is ultimately flushed downstream. This process tends to be more intense during 
monsoon seasons where rainfall intensity is high within the catchment. Sediments 
discharged from Petagas River have historically fed the adjacent coastlines, although 
the recent reclamation for the extension of the runway for KKIA has created a river 
channel entrance area with weak currents, limited wave exposure and increased 
sedimentation rates. 
To assess the impacts of the river channel entrance improvement works on the 
discharge of sediments, a sediment plume model has been setup (MIKE 21 MT). The 
model includes the transport of fine sediments (mud), deposition, resuspension and 
erosion considering the variation of hydrodynamic conditions with the tide and 
seasons. The suspended sediments have been modelled using three (3) fractions of 
sediments varying from fine silt to very fine sand, with the latter being present at the 
river channel entrance. Since deposition and erosion will vary over a tidal cycle with 
the possibility of different processes governing during neap and spring tides, the net 
deposition is given for a full neap-spring tidal cycle. 
The simulations cover a full neap-spring tidal cycle and have been carried out for NE, 
SW and inter-monsoon periods. They are represented in terms of sediment plumes, 
in which a conservative approach is shown by demonstrating maximum 
concentrations of total suspended sediments (TSS) to show sediment behaviour in 
the worst-case scenario. This demonstration is for the purpose of showing sediment 
behaviour in suspension. 
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6.3.2.2.1 Sediment Plumes 
Maximum sediment plumes for the existing condition and with the prediction of the 
improvement works are shown in Figure 6.15. As shown in Figure 6.15a, c, e, it 
demonstrates that the sediment plume is very much contained within the river 
channel entrance area with a limited excursion along the adjacent coastlines 
throughout all seasons. It is useful to identify the fate of the river-borne sediment 
under different monsoon conditions because this will help us to understand the likely 
patterns of deposition. 
After the management measures are established, the sediments are flushed into the 
sea. During the inter-monsoon period, the sediments may be lost to deeper water as 
shown in Figure 6.15f, whereas the sediments tend to be transported towards the 
adjacent coastlines during the NE and SW monsoon periods as shown in Figure 6.15b, 
d. 
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Figure 6.15  Comparison of maximum concentrations of total suspended sediments (TSS) during the 
NE monsoon period for (a) existing condition and (b) following improvement works. Comparison of 
maximum concentrations of total suspended sediments (TSS) during the SW monsoon period for (c) 
existing condition and (d) following improvement works. Comparison of maximum concentrations 
of total suspended sediments (TSS) during the Inter monsoon period for (e) existing condition and 
(f) following improvement works.  
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6.3.2.2.2 Sedimentation 
As previously stated the main sediment source of sediment is the Moyong catchment 
upstream. The changes in land use due to development have caused an increase in 
sediment to be washed into the channel and ultimately flushed downstream. This 
process tends to be worsened during monsoon seasons where rainfall intensity is 
high within the catchment (Mitchell, 2013).  
Numerical Two-dimensional mud transport simulations were carried out for the typical 
NE and SW monsoon periods in order to provide information on sedimentation, as 
shown in Figure 6.16.  
NE monsoon conditions lead to a concentration of net deposition to the south of the 
river channel entrance, while SW monsoon conditions caused net deposition to the 
north. The configuration of the breakwaters demonstrates an effective means of 
directing the sediment into deeper waters. The beach is predicted to accrete to the 
south of the breakwaters, while erosion is likely to occur downdrift, along with the 
small stretch of coastline between the breakwater and the KKIA reclamation. 
Sediments are deposited inside the harbour basin as well.  
Figure 6.16 delineates the changes of bed thickness for the NE, SW and inter-
monsoon conditions respectively, as generated by the model. As illustrated in the 
figure, it demonstrates minimal or the absence of net sediment deposition in the 
trained part of the river channel or at the channel exit, which appears to be well 
flushed. The sediments are deposited outside the training walls and breakwaters, 
resulting in the formation of a new flat. 
Following the management measures, sedimentation is predicted to take place in the 
lee zones within the harbour basin. The flow eddies generated on both sides of the 
access channel within the breakwater will flush away the sediment that enters 
through the breakwaters from the open sea and the river system towards the more 
protected parts of the basin, in which the transport capacity is low, and the sediments 
can settle. 
The areas of sedimentation are mainly determined by the Northeast (NE) and 
Southwest (SW) monsoon. The sedimentation is strongly related to the current speed 
as shown in Section 0. The net deposition appears to cover a wider area during the 
SW monsoon (Figure 6.16c, d) as the current and wind directions are uniform during 
this period.  
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Figure 6.16  Comparison of bed thickness changes (net deposition) during the NE monsoon period for (a) existing 
condition and (b) following improvement works. Comparison of bed thickness changes (net deposition) during 
the SW monsoon period for (c) existing condition and (d) following improvement works. Comparison of 
maximum concentrations of bed thickness changes (net deposition) during the Inter monsoon period for (e) 
existing condition and (f) following improvement works. In this monsoon condition, it shows the accuracy of 
the model by comparing to the satellite image as shown in Figure 6.176.19. This results shown is based the 
outcome of the model run over a particular monsoon season. 
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Figure 6.17 shows the existing river channel entrance during the South West Monsoon 
period; the existing sand bars have formed since the land reclamation for the KKIA 
runway which had extended to the north of the river channel entrance in the indicated 
location. By comparing the model results as shown in Figure 6.16 with the satellite 
image, the bed changes in the deposition zone reflect the bed thickness changes 
shown in the model in Figure 6.16c.  
  
Figure 6.17  Satellite image of current river channel entrance condition (Google Maps 2009) 
Existing Sand Bars  
 
Deposition Zone 
 
Land Reclamation 
(Airport Runway Extension) 
 
Contoh Village 
 
Numerical Modelling Approach for the Management of 
Seasonally Influenced River Channel Entrance 
 
133 
  
6.3.3 Design Conditions for Management Solutions 
Design conditions of structural measures for preferred management solution of 
training wall and breakwater of the river channel entrance are based on the data- 
driven analysis approach. Works information on design water levels and wave heights 
is required to determine the crest level of the structures and to ensure the stability 
of armour layers.  
 
The water level for the design of coastal structures is determined by a number of 
components including the tide, seasonal variations, general sea level rise and storm 
conditions resulting in surge and wave setup in the coastal zone. Some of these 
factors and their joint probability are associated with some uncertainty and the design 
water level will be varying with the level of conservatism required. As explained in 
the methodology chapter, the design water level is determined by the sum of mean 
higher high water (MHHW), seasonal variations, global sea level rise, storm surge 
and wave setup with the level given by the two last components depending on the 
return period for design. 
 
The water level fluctuation of greatest concern in coastal design is storm surge or the 
meteorological tide, which is an increase in water level resulting from shear stress by 
onshore wind over the water surface. Storm activity can cause both a rise (setup) 
and fall (set down) of the water level. The temporary increase in water level coupled 
with major wave action is the cause of the world’s most disastrous flooding and 
coastal damage. For instance, the shoreline along the southern borders of the North 
Sea was flooded in 1953 as a storm surge caused dyke breaches, which resulted in 
extensive property damage and 1835 lives were lost in Netherlands. The threat of 
severe storm surge from Hurricane Floyd in 1999 resulted in the evacuation of 3 
million people and 50 deaths in the United States (Kamphius, 2000). 
 
During a storm surge, the water level at a downwind shore will be elevated until 
gravity (the slope of the water surface) counteracts the shear stress from the wind. 
Although the prediction of storm surge heights is dependent on many factors, an 
estimate of sea surface slope at the coast, caused by wind stress, 𝜏𝑠  effects, as 
highlighted by Chen & Liew, (2003) as;  
 
 
𝑑𝑧
𝑑𝑥
 = λ 
𝜏𝑠
𝛾𝑑
 Equation 6.1  
 
where 
𝑑𝑧
𝑑𝑥
 is the sea surface slope; 𝛾𝑑  is water depth; λ is an experimentally 
determined variable, ranges from 0.7-1.8 and 𝜏𝑠  = wind stress in 𝑘𝑔
−𝑚2 as shown 
in Equation 6.2 (Chen & Liew, 2003) as ; 
 𝜏𝑠 = 0.58 𝑈10
2.22 Equation 6.3  
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where 𝑈10 = the wind speed in m/s measured at 10m above the sea level. 
Storm surge can occasionally be determined directly from long-term measurements 
if the parameters are available at the site. However, with a lack of measurements, 
the storm surge has to be determined on the basis of hydrodynamic modelling of 
water levels and currents driven by extreme wind conditions causing water to be 
“trapped” and pushed against the shoreline. 
The modelling is based on a large-scale hydrodynamic model (MIKE 21 HD) with wind 
forcing based on extreme offshore wind conditions extracted from the GROW wind 
wave data. The wind speed for the twenty-six worst offshore storm events has been 
used to estimate the storm surge. It is noted that the storm surge is not only 
determined by the wind speed, but also by the wind direction relative to the 
orientation of the coastline. Based on a few directional tests with the wind from 15, 
255, 270, 285, 315 and 345o N, it has been found that a wind direction 270oN results 
in the largest surge. Examples of simulated storm surge are shown in Table 6.2. 
Based on results from the simulations, surge levels have been extracted at the 
locations for the breakwater entrance and the end of the training walls. Based on 
extreme value analysis the surge levels are given and determined in Table 6.2     
 
 Return Period (Years) 
2 5 10 50 100 
Breakwater, 2m 
CD 0.12 0.17 0.20 0.27 0.30 
Training Wall, 
1m CD 0.12 0.17 0.20 0.28 0.31 
Table 6.2  Extreme storm surge level (above MSL) corresponding to 2, 5, 10, 50 and 100 years 
return periods for existing conditions at selected locations. 
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Figure 6.18  Example of storm surge levels with wind from west (270oN). Left: Typhoon Greg with 
constant wind of 22.6m/s (most severe). Right: Storm with constant wind speed of 15.6m/s 
(ninth most severe). 
 
Breaking waves on a beach give rise to a setup of the mean water level. The 
magnitude of this wave driven setup of the water level, called wave setup, depends 
primarily on the magnitude of wave breaking and the angle at which they approach 
the shore. The wave setup is based on a reductionist model coupling the wave and 
hydrodynamic processes driven by extreme offshore wave conditions (MIKE 21 HD 
and SW).  
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Return Period 
(Years) 
Design 
Offshore Wave 
Heights 
Hs (m) 
Design Peak 
Wave Periods 
Tp (s) 
Design Offshore 
Mean Wave 
Directions 
MWD (°N) 
Design Water 
Levels 
WL  
(mCD) 
2 2. 7 8.2 
270°N 
MHHW 
(2.13m) 
5 3.3 9.1 
10 3.7 9.7 
50 4.7 10.9 
100 5.1 11.4 
Table 6.3  Offshore design wave conditions based on GROW wave data 
 
The simulations have been performed with a wave direction of 270oN (perpendicular 
to the beach) resulting in the maximum wave setup and a water level equal to MHHW. 
 
Examples of generated wave setup for a 100-year event for wave directions 
corresponding to NE and SW monsoon directions are shown in Figure 6.19 is 
described in Figure 6.21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.19  Wave setup due to 100-year design wave with directions corresponding to dominant 
NE (left) and SW (right) monsoon directions.  
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Figure 6.20  Detail view of wave setup Sungai Petagas River channel entrance due to 100-year 
design wave from dominant NE monsoon direction. 
 
 
Figure 6.21  Detail view of wave setup Sungai Petagas River channel entrance due to 100-year 
design wave from dominant SW monsoon direction 
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The wave setup is seen to increase throughout the breaking zone, and it varies 
slightly from the location of the breakwater entrance to the end of the training walls 
(see Table 6.4). 
 
Location Return Period (Years) 
2 5 10 50 100 
Breakwater at 2m CD 0.06 0.11 0.16 0.27 0.32 
Training Wall at 1m CD 0.08 0.14 0.18 0.30 0.35 
Table 6.4  Extreme wave setup (above MSL) corresponding to 2, 5, 10, 50 and 100 years return 
periods for existing conditions at selected locations. 
 
The design of coastal structures usually requires the determination of a maximum 
and minimum design water level (D.W.L.) (Meadows & Wood, 2003). Design water 
level is computed from the addition of various components of water level fluctuation 
shown in Equation 6.4 as ; 
 D.W.L = MHHW + 𝑆𝑉+ 𝑆𝑤 + 𝑆𝑠 + SLR 
 
Equation 6.5  
 
 
where MHHW is the mean high high water level, 𝑆𝑣 is seasonal variation level, 𝑆𝑤 is 
wave setup and 𝑆𝑠  is the Storm Surge and SLR is a provision for sea level rise. 
The recommended design water levels are based on the principle of Equation 6.5 
accounting for return periods at the breakwater entrance and at the end of the 
training walls as given in Table 6.5 and Table 6.6 respectively. Seasonal variation and 
values for MHHW have been obtained from tide tables of Kota Kinabalu Port. The 
provision for global sea level rise is based on the most recent report from the 
Intergovernmental Panel on Climate Change (IPPC), with the rise determined as the 
central estimate for all climatic scenarios.  
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Parameter 
Return Period (Years) 
2 5 10 50 100 
MHHW (m) 0.9 0.9 0.9 0.9 0.9 
Seasonal Variation (m) 0.1 0.1 0.1 0.1 0.1 
Provision for Global Sea Level Rise (m) 0.4 0.4 0.4 0.4 0.4 
Storm Surge (m) 0.12 0.17 0.20 0.27 0.30 
Wave Setup (m) 0.06 0.11 0.16 0.27 0.32 
Design Water Level (mMSL) 1.58 1.68 1.76 1.94 2.02 
Table 6.5  Recommended design water level (above MSL) at breakwater entrance. 
 
Parameter 
Return Period (Years) 
2 5 10 50 100 
MHHW (m) 0.9 0.9 0.9 0.9 0.9 
Seasonal Variation (m) 0.1 0.1 0.1 0.1 0.1 
Provision for Global Sea Level Rise (m) 0.4 0.4 0.4 0.4 0.4 
Storm Surge (m) 0.12 0.17 0.20 0.28 0.31 
Wave Setup (m) 0.08 0.14 0.18 0.30 0.35 
Design Water Level (mMSL) 1.60 1.71 1.78 1.98 2.06 
Table 6.6  Recommended design water level (above MSL) at end of training walls. 
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Descriptions of the estimation of extreme waves include those given by Sarpkaya and 
Isaacson (1981), Isaacson and MacKenzie (1981), Muir and El-Shaarawi (1986), and 
Gran (1991). In developing design wave conditions, hindcast or recorded data of one 
or more sea state parameters (e.g. significant wave height), are fitted by a suitable 
probability distribution and further extrapolated to estimate an appropriate design 
sea state with a corresponding specified return period or annual risk. An estimation 
of the maximum individual wave height 𝐻𝑚 as highlighted by (Isaacson & Foschi, 
2000) as shown in Equation 6.4 within the design sea state with significant height 𝐻𝑠 
can be made as well and often taken as ;. 
 𝐻𝑚 ≈ 1.8 ~ 2.0 𝐻𝑠 
Equation 6.4  
 
Design wave conditions at the breakwater heads and at the end of the training walls 
for preliminary design have been determined from 40 years of GROW wave data, 
transformed to the river channel entrance using a spectral wind wave model (MIKE 
21 SW). For the wave transformation, the design water levels determined in section 
6.3.1have been considered. This is shown in Table 6.7. 
Significant wave height 
Hs (m) 
Return Period (Years) 
2 5 10 50 100 
Mean Sea Level 
Training wall 1.50 1.65 1.75 1.90 2.00 
Breakwater 1.70 1.90 2.00 2.25 2.30 
Design Water Level  
Training wall 1.90 2.15 2.35 2.70 2.85 
Breakwater 1.95 2.30 2.50 2.90 3.10 
Table 6.7  Significant wave heights for design determined at breakwater entrance and end of 
training walls. 
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7 Answer to Research Questions 
The overall research objectives and aims as shown in Section 1.3 have been achieved 
through integrating each of the approaches as shown the previous chapters 2 through 
6. Each section has contributed to the progress in the fields of river channel entrance 
geomorphology, data used, modelling methodology and outcome, and each were 
written with a disciplinary focus. In this chapter, the main results will be synthesised, 
followed by placing the results into an integrative perspective. Research questions 
posed in Section 1.2 will be answered here. 
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7.1 Answer to Research Question 1 
Do the monsoon seasons influence the topography of the river channel 
entrance and if so how do they influence patterns of sedimentation? 
The monsoon seasons affect the topography of the river channel entrance in various 
ways. The monsoon winds will dominate over the surface current systems of the open 
sea in which the predominant driving force is the ocean current as described in 
Chapter 2. From the view of water catchment, the river flow varies over the monsoon 
season due to different rainfall pattern, with tropical storms occurring during 
monsoon season. 
The offshore wave analysis generated in this analysis is shown in Section 3.2 in which 
wind is the main driving force of the wave direction. Wave roses have been generated 
by utilising 40 years of wave data to support this statement, and the overall pattern 
of the wave direction is closely related to the dominant monsoon wind direction as 
shown in Section 6.1, which illustrates the detailed generated wave field near the 
vicinity of the river channel entrance. The topography of the site has caused most of 
the offshore wave derived from the north-north-east (NNE) and west-south-west 
(WSW) as a result of the influence of monsoon seasons towards the geomorphology 
of the vicinity of the river channel entrance. Also, the NE monsoon refraction and 
sheltering have changed the predominant wave direction from NNE to westerly 
towards the shoreline, resulting in more direct exposure to severe waves. A minor 
shoaling effect can be seen during both monsoons. The river and the catchment will 
generate more runoff and cause a higher river discharge as a result of monsoon 
rainfall with an average of 40 m3/s during Northeast and Southwest Monsoon and 20 
m3/s during inter-monsoon periods. However, during extreme weather occurrences 
(Typhoons) which occur during the monsoon period, extreme discharges can reach 
up to 230 m3/s causing significant volume of loose sediments flushing down to the 
Petagas River channel entrance (Mitchell, 2013). 
The dynamic topography of the river channel entrance is constantly varying 
throughout the year as a result of monsoon seasons as shown in Section 6.3.2. During 
the NE monsoon a net southerly direction of sediment transport results in minimal 
bed changes. Contrarily, the SW monsoon causes more bed changes due to a higher 
northerly ocean current resulting in higher sediment transport. During the inter-
monsoon, the hydrodynamic behaviour of both land and sea is the calmest and will 
produce higher sedimentation in the vicinity of the river channel entrance within the 
shallow water as well as over the tidal flat created to the south of the airport runway 
reclamation extension. Monsoon season will provide a form of flushing effect to the 
river channel entrance resulting in higher natural conveyance in the formed channel. 
However, this sudden episodic event may cause fluvial flood upstream if the channel 
entrance is under capacity as a result of sedimentation causing a backwater effect 
(Mitchell et al., 2012). 
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With the preferred management solution in place as shown in Figure 6.12 consisting 
of a training channel following the natural alignment of the existing access channel 
as well as reclamation to form the channel and the natural coastal alignment, a 
constantly adequate open channel is available throughout the monsoon seasons with 
sufficient discharge capacity.  
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7.2 Answer to Research Question 2 
What is the optimum management solution to the sedimentation problem? 
Sedimentation at the river channel entrance is the root cause of many social and 
environmental problems, which include flooding as a result of poor management due 
to the poor understanding of the consequences of devastation flooding (Hoggart et 
al., 2014). Hence the optimum management solution must be able to solve 
sedimentation problem with a solution that will be able to mitigate socio-economic 
and ecological impacts of a particular area. This is shown in Section 2.8 where further 
description on Shoreline Management Plans (SMPs) is evaluated.  
In this research several engineering options are considered, amongst them are 
breakwaters, revetments, reclamation and dredging. Due to the dynamic nature of 
the river channel entrance, a combination of these solutions is to be adopted and 
tested with different conceptual layouts as shown in Section 6.2 using the verified 
numerical model to ensure the feasibility of the management measures to Petagas 
River Channel Entrance and its performance throughout all seasons.  
The optimum engineering solution selected is as shown in Section 6.3.2. It consists 
of a training channel that requires revetments to be constructed along both river 
banks and around the existing sand spit and seawards, with training wall further 
extending seawards to discharge sediment into the deeper sea, thus avoiding 
sediment being discharged from the River and deposited at the entrance, leading to 
sedimentation. With this training channel, sediments are flushed to the deeper sea 
and transported by ocean current towards the adjacent coastline during the NE and 
SW monsoon periods. 
Reclamations are being carried out to extend the airport to the south and also along 
the western side of Contoh Village to maintain the original orientation of the channel 
and to create more land use.  The breakwater is then constructed to minimise wave 
penetration into the vicinity of the river channel entrance as shown in Section 6.3.2. 
The breakwater option is selected as opposed to other options considered, mainly 
because of its ability to provide a shelter for small fishing vessels and thus contribute 
to the local economy. The analysis stated that river channel entrance improvement 
works are able to maintain a constant open channel flow throughout all seasons that 
will be able to mitigate flooding problem upstream and navigation through the river 
channel entrance by small vessels mainly to sustain the livelihood of local villagers.  
 
  
Numerical Modelling Approach for the Management of 
Seasonally Influenced River Channel Entrance 
 
145 
  
7.3 Answer to Research Question 3 
Can this modelling technique be used as a reference for solving similar 
river channel entrances problems? 
Coastal morphology includes constant evolvement as the combined consequences of 
both natural and human-induced factors that cover a broad range of spatial and 
temporal scales of effects. Therefore, there is no one size fits all solution when it 
comes to solving river channel entrances problems.  
Much of the research work carried out over the years is very much subject specific 
and has resulted in a lack of application-based research. This can seen in recent 
research (Anthony, 2015) which focuses mainly on wave influences, but even so it 
supports the present findings on interactions between fluvial and marine processes; 
Long et al. (2016) and Wei et al. (2017) describe comprehensive research on the 
effects of human intervention and management measures but is lacking in terms of 
considering the seaward influence of the East China Sea. Similarly, Garel et al. (2015) 
also studied the effect of human intervention on deltas but their findings lack any 
sugnificant attempt to integrate the effects seawards and landwards. Towards 
application-based research, Pianca et al. (2014) cover a good data-driven mesoscale 
based approach but this is restricted to backwards analysis of the existing condition 
and predictive analysis is limited as compared to numerical model approach. The 
work of Garel et al. (2014) covers some good research on littoral drift of sediment 
but again it would be beneficial if a larger scale were covered both seawards and 
landwards. The consideration of different environmental forcing taking place at 
different time scales, and the effect of these on the river channel entrance especially 
during the monsoon is still incomplete especially in this region as it is the determining 
factor as shown throughout chapter 6. In the vicinity of river channel entrances, 
special interest is drawn due to the vast chain of effects brought about by the land-
sea continuum in terms of the flow of water and sediment. Although the impact of 
changes in coastal sediment dynamics and river basin is well established, the 
integration of these two fields to address river channel entrance problems is rare 
(Samaras & Koutitas, 2014b). Hence, this application-based research approach will 
further add into the current body of literature in this area. Most importantly, this 
modelling technique is created as a reference for solving similar river channel 
entrance problems. 
The main themes developed throughout this research, related to human intervention, 
sedimentation, and the effect of monsoons have clearly been addressed by other 
authors as described above. The present findings reinforce the importance of 
planning and coordination of different coastal activities and a central realisation that 
in engineering the coast one must ensure that the key economic, environmental, and 
social drivers are discussed and understood. This research thus highlights the 
importance of understanding simultaneous multiple stressors as referred to by 
Mitchell et al (2015) and the references therein. In light of ongoing research on the 
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response of all coastal areas to sea level rise (Anthony, 2015), such understandings 
rely heavily on the proper consideration of sedimentation in river channel entrances, 
which must be informed by properly validated numerical models, as in the present 
case. 
In general, the overall approach of the modelling technique spatially consists of the 
integration between the open sea, coastal and the River watershed in relation to the 
river channel entrance. Hence, a comprehensive understanding of the 
geomorphology of the specific river channel entrance is crucial to analyse, identify 
and solve its problems. For the purpose of enhancing the model predictability and 
representation for management purposes, the time horizon is included, generated 
and analysed based on hindcast data in terms of temporal pattern as further 
elaborated in Section 3.2  for a prolonged period of 40 years in this research. The 
type of model involving both period and space is known as mesoscale model as 
further elaborated by French et al. (2016). To build a well-represented model, the 
integration of data-data driven approach is shown in Section 2.4.1. Apart from data 
used as a direct input to the model, other measurements such as bathymetry, tidal 
constituents, boundary conditions, wind forcing and more are shown in Chapter 4. 
Data-driven analysis is utilised to predict the extreme weather condition in which 
extreme wave height is determined in this research for structural design consideration. 
Section 5.2 shows mapping and meshing techniques in which mapping is 
predominantly used to build the geomorphic characteristics of the model and to 
produce an enhanced understanding of the river channel entrance vicinity, which is 
important in the conceptual state of modelling. Also, mapping can be used as an end 
product representation of a modelling outcome. Meshing is then built on top of 
mapping in which the mesh density is determined with regards to the priority of the 
“area of interest” in the model. The reductionist and reduced complexity models are 
used to good effect as shown in Section 6.2. The reduced complexity model is used 
as a backbone input in correctly representing the overall hydrodynamics in the model 
in combination with the reductionist model in representing sediment dynamics and 
management solution prediction. Therefore, these models are able to incorporate 
accurately the open coast, river channel entrance, watershed with their interaction in 
a system as a whole, including all sediment dynamics and the response of the system 
when potential management measures are in place, all into one state of the art 
overarching framework as illustrated in Figure 2.10.  
Using this modelling approach, a successful representation of the Petagas River 
Channel Entrance has been achieved in combination with the effect of monsoon 
seasons, predominately on the hydraulics and sediment dynamics aspects at the river 
channel entrance. The simulation is verified by site data collected and is well 
represented when compared to the satellite image taken as shown in Section 6.1. 
The good accuracy of the model then serves a predictive model to evaluate various 
conceptual management strategies with different engineering measures in place with 
the aim to solve coastal flooding problem and to improve the livelihood of the 
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residents in the vicinity of the river channel entrance. Finally, an optimum 
management solution is selected to provide a constant opening of river channel 
entrance that is sufficient to cater for flood discharge throughout all seasons and 
provide a well-defined river channel that will allow the passage of small crafts 
regardless of the state of the tide; and with an entrance located in deeper water, 
safety measures due to wave breaking along the shoreline are reassured as shown 
in Section 6.3.2 . Most importantly with the utilisation of this modelling technique, 
the proposed management measures successfully solve the sedimentation problems 
in the vicinity of the river channel entrance by increasing channel currents, thereby 
enabling flushing of sediment into the deeper water. Thus, the well-represented 
model will serve as an example for future establishment of numerical model of river 
channel entrances, which can then be utilised as a numerical tool for solving similar 
river channel entrance problems. 
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8 Conclusions 
The Petagas River Channel demonstrates a real-world example of a seasonally 
influenced dynamic river channel entrance. Without any intervention, the river 
channel entrance is predicted to be silted up and block altogether in the near future, 
causing flooding upstream and thus affecting the livelihood of the populations living 
in the rapidly developing Moyong river basin.  
8.1 Concluding Statements 
Some conclusions can be drawn as per the aims set out in Section 1.3 of this research, 
as follows: 
• Sufficient data have been evaluated and obtained for the purpose of utilisation 
of various numerical models, mapping and data-driven analysis.  
• Mapping has enabled the analysis of critical area of the site and the 
presentation of the viability of the proposed management solution. The 
meshing process is dependent on mapping as an overlay to identify the critical 
study area. 
• The reductionist multi-model set up is successfully implemented using the 
demonstrated numerical modelling technique. 
• The model accurately investigated the effect of monsoon seasons on the 
hydraulics and sediment dynamics aspects at the river channel entrance. The 
simulation is verified by site data collected and is further well represented 
when compared to the satellite image taken. 
• Good accuracy of the model enables further assessment of the Petagas River 
entrance problem from obtaining the impacts of the proposed management 
works. 
Through the predictive model, the proposed improvement works, which 
include a training channel and a breakwater, results in increased current 
speeds, along with a more predictable and smoother flow and limited cross 
current, easing the problems of navigation through the river channel entrance. 
 
The model simulated an improved conveyance during high discharge events; this 
could, in turn, mitigate flooding upstream due to the effects of increased scouring of 
the channel. The proposed improvement option will solve the sedimentation problems 
by increasing channel currents, thereby enabling flushing of sediment into the deeper 
water.  
In terms of contribution, similar research has been carried out previously on a subject 
specific basis as explained in the last part of Chapter 7 but there is a distinct lack of 
integrative approach-based research. Hence, on a larger scale this research will be 
able to contribute to a wider discussion on the subject of managing sedimentation in 
river channel entrances around the world and to bridge the gap between them. With 
the technique of effectively combining model components and assembling them to 
represent as a system sufficiently is crucial, as demonstrated in this modelling 
approach in which the coupled reductionist model has successfully represented a 
sufficient range of real-world situations - waves and tidal variants are accurately 
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simulated over the monsoon seasons. This is shown by using a variable mesh 
resolution throughout the model domain for efficient utilisation of computational cost. 
The result of the wave generated model as shown in Section 0  has successfully 
generated waves in offshore regional model, which is further transferred to a 
nearshore local model between the monsoon seasons. The wave generated local 
model is then coupled with hydrodynamic model to produce tide and current patterns 
for the existing condition. The calibration and verification of the model is also done 
after this process to assess the accuracy of the model with the actual site condition 
as shown in Section 6.2.  
Together with the approach of integrated reduced complexity model, the model has 
successfully proven to be effective in simulating realistic emergent behaviours and 
topographic change over sufficient spatial and temporal scales. A sediment source is 
input into the river basin and coupled with the hydrodynamic model to simulate 
sedimentation in the river channel entrance between the monsoon seasons. Following 
that, the prediction of the river channel entrance with regards to the management 
measure is then assessed by coupling the proposed management scheme in Section 
6.3.2. As a result of the accuracy of the modelling prediction, the proposed 
management solution is accepted by the local government as it is in line with the 
local shoreline management plan as shown in Section 2.8. 
The numerical modelling approach used in accurately predicting this management 
scheme demonstrates a solution to meet the requirement of policy makers and can 
be adopted as long-term solution to similar local areas especially in the vicinity of 
river channel entrance discharging into the South China Sea. Most importantly this 
research demonstrates the sound development of seasonal influenced river channel 
entrance management strategy which requires sufficient prediction of coastal change 
at the mesoscale.  
This approach also demonstrates the major importance of simulating the coastal 
environment as an overall system and to appreciate the crucial interactions that occur 
between the open coast, river basin and the shallow vicinity of the river channel 
entrance. With the strength of each currently available model types, a coupled multi-
model framework is the key in serving as an example for future establishment of 
numerical model of river channel entrance, which can be used as a numerical 
modelling approach for solving similar dynamic river channel entrance problems 
especially on the east coast of Borneo. 
Solving river channel entrance problems is very much geographically dependent in 
terms of the social-economic impact it brings, so places such as the Mekong Delta in 
Vietnam and Yangtze River Delta in China tend to receive a lot of research attention 
because of their economic and social importance. While the Petagas river has 
received less attention to date, with its strategic location now and into the future it 
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envisaged that this research will act as a start point for much more detailed research, 
especially in view of climate change and the clear strategic importance of the airport.   
8.2 Research Limitation and Recommendation for Further Studies 
While this thesis contains promising results in terms of integrating multiple modelling 
approaches, there are many challenges for further research. For example, detailed 
study of the river basin is crucial as future urbanisation is predicted to cause increased 
discharge. As a consequence of urbanisation, the sediment properties may change 
leading to different sedimentary behaviour. Hence, a proper catchment model may 
be carried out in the future especially in terms of land use. Sediment load varies 
especially over land use. Hence long-term sediment data collection should be 
undertaken in key locations in the catchment for the better representation of 
sediment load. However, a proper prediction for the future of a constantly evolving 
river due to ongoing development remains a challenging subject for researchers.  
An enhanced regional model can be carried out in the future; this can be achieved 
by a model focusing on the South China Sea region instead of relying on GROW global 
model. This may lead to a model with enhanced accuracy which will result in better 
confidence and reliability of the model. Also, wind friction parameter in South East 
Asia region, especially in terms of proven wind friction input value in this humid region 
remains a debate among researchers and is a topic for further research. All these 
aforementioned enhancements will in turn lead to a better model overall. I would 
believe the best model sensitivity test would be to carry out a post modelling site 
survey should the mitigation measured every materialised comparing to the 
generated model. This requires long-term data gathering especially on sediment 
accretion can be performed to verify the model accuracy further. 
Integrated flood model/catchment model will be ideal and bring this research to a 
whole new level. This will result in expertise from 2 major hydrodynamic fields (Flood 
+ Coastal). Due to the limitation at the time of the research, the regional model is 
derived based on the data purchased from GROW (Global Reanalysis of Ocean Waves 
by Oceanology International) – Global model. However, if given more funding and 
time a complete regional model with enhanced accuracy may be produced covering 
the whole South China Sea region with a part of the Pacific and Indian ocean as the 
boundary condition. With many factors to be included in the numerical modelling 
analysis, it is impossible to quantify each of the parameters input accurately. 
Sometimes we use the default input suggested. However, 2 of the major factor that 
may affect the outcome of the model are Bed Friction and Wind Friction. While 
Channel bed friction is relatively easy to quantify, oceanic bed friction may be difficult 
as to represent accurately. Different samples from various micro-regions need to be 
obtained from the ocean floor in order to well represent this input. As for wind friction, 
this is a parameter that is highly regionally dependent as it is climatically influenced 
and to date remains a research field to be further explored. However, with the limited 
availability of wind datasets especially in this region, to accurately quantify this value 
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remain a challenge. Sediment properties that are relative to discharge flow and are 
seasonally dependent can be considered in the future. However, collecting sediment 
data using specialist equipment in this region can be socio-economically challenging. 
More ADCP measurements can be obtained as well as consideration for salinity data 
for enhanced calibration and verification modelling. There is not enough data on 
temperature and relative humidity to determine its relevancy to Cd (Drag Coefficient) 
value. This may be a subject for further research, as the given funding, time and 
scope of this research is deemed overwhelming to be included. Consideration should 
also be given to changes in the adjacent coastline, advancement and retraction due 
to human or natural causes. The effect of littoral drift could be considered further in 
view of its importance in terms of sediment budgets.  
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